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I N this book are collected detailed information and data 
on the mechanical, chemical and physical character¬ 
istics of commercial forms of nickel, and certain of its 
alloys which are known under the following trade names. 


Wrought Products 

Monel* 

“R”* Monel 
“K”* Monel 
Nickel 
“Z”* Nickel 
Low-carbon nickel 
“D”* Nickel 
Inconel* 

Monel-clad steel 
Nickel-clad steel 
Inconel-clad steel 

The aim in preparing the text and the tables has been to 
place before the readers thereof the knowledge that will 
permit selection of the most suitable of these corrosion- 
resistant materials for any given application, and the 
design data and fabrication procedures that will lead to 
the construction of mechanically satisfactory products. 

The loose-leaf form has been adopted so that additions 
to the text can be made readily and sections can be revised 
as often as new information may warrant. 


Cast Products 
Monel 

“H”* Monel 
“S”* Monel 
Nickel 
Inconel 
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INTRODUCTION 


HISTORY OF NICKEL 

Nickel alloys are not new in the service of man. It is almost certain 
that from the very earliest times use was made of the natural iron- 
nickel alloys of meteoric origin. Many centuries passed, however, before 
the element nickel was discovered. 

The Chinese made articles of copper-nickel and copper-nickel-zinc 
alloys long before the Christian era. Cupro-nickel, probably of Chinese 
origin, was used for coins in the third century B. C. in the ancient 
kingdom of Bactria, part of what is now Russian Turkestan. 

In 1751, Cronstedt, a Swedish mineralogist, isolated a new element 
from ores of the cobalt mines of Helsingland, Sweden. He was able to 
show that it was the principal metallic element of the “kupfernickel” ore 
of Freiberg, in Saxony. That ore was described, in 1694, by Hiarne, who 
gave it its name because although it looked like copper ore no copper 
could be obtained from it; hence the appellation kupfernickel or “Old 
Nick’s Copper.” Cronstedt gave the second part of the Freiberg ore 
name to his newly discovered element. 

Nickel is distributed widely in the earth’s crust, mostly in igneous 
rocks, but in only a very few places are there economically workable 
ore bodies. The most important mines today are those of the Sudbury 
district in the Province of Ontario, Canada; from these comes approxi¬ 
mately 85 per cent of the world’s supply of nickel. Norway was the 
chief producer from 1850 to about 1875, when it was superseded by 
New Caledonia as leader, until 1902. From that time on Canada has 
been the leading producer. Primary nickel was produced in the United 
States from domestic ores from 1863 to 1892, but not since, except for 
brief times and in small quantities during the first quarter of the present 
century. 

In point of world consumption nickel ranks ninth among the 
metals; its importance is far greater, however, than that ranking 
suggests. As an alloying element it enhances the useful characteristics of 
many times its own weight of steels and non-ferrous alloys. Woldman 
and Dornblatt, in their book, “Engineering Alloys,” list almost 2,300 
compositions that contain one or more per cent of nickel. Large amounts 
of nickel are used also in electrodeposition (nickel-plating), and at one 
time this was one of its principal uses. It is still important, but much 
less so than the uses for alloying. These uses form a part of the story 
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of nickel with which this book is not concerned. Only the physical, 
mechanical and chemical properties, working procedures, and applica¬ 
tions of structural forms of commercially pure nickel and the eight 
nickel alloys listed on page 3 are dealt with herein. 

Nickel, with iron and cobalt, forms a “family” in the eighth group 
of the periodic system of the elements. It is a silvery-white metal, with 
a greyish tinge, and it and its alloys discussed in this book are capable 
of taking a high polish. Naturally enough, nickel has some characteris¬ 
tics in which it is closely similar to the more familiar of its congeners, 
iron. For instance, in comparison with mild steel, the most familiar 
form of iron, nickel has elastic and mechanical properties of the same 
order of magnitude, but it is much superior in its resistance to corro¬ 
sion. The nickel alloys discussed in this book have higher mechanical 
properties than, and resistance to corrosion that, under most condi¬ 
tions, is at least equal, and in many cases, superior to that of nickel. 
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WROUGHT MONEL, INCONEL, NICKEL AND RELATED 
NICKEL ALLOYS 

There are six regular mill products which are described briefly in 
the following paragraphs. Each product is available in all or most all of 
the usual commercial forms. 

Nominal chemical compositions and ranges of mechanical prop¬ 
erties of the products are given in Sections B and F, respectively. 

Monel 

Monel, which contains approximately 70 per cent of nickel and 30 
per cent of copper, has high strength and hardness, and good resistance 
to corrosion. It is used extensively in the chemical, marine, power 
equipment, laundry, food service, pickling, roofing, petroleum, house¬ 
hold equipment, and pulp and paper industries. 

"K" Monel 

“K” Monel is a non-magnetic, age-hardening alloy containing ap¬ 
proximately 3 per cent of aluminum. Its strength and hardness, particu¬ 
larly in large sections, are comparable with those of heat-treated alloy 
steels, and its resistance to corrosion is similar to that of Monel. 

## R" Monel (Free-Machining) 

“R” Monel is a free-machining alloy that is particularly adapted 
for use in automatic screw machines. The free-machining properties are 
conferred by a sulfur content of 0.025 to 0.060 per cent. In resistance 
to corrosion and in mechanical properties, the alloy is similar to Monel. 

"A"* Nickel 

“A” Nickel is commercially pure, malleable nickel. Its average 
“nickel” content is 99.4 per cent; this includes a small amount of cobalt 
(less than 1 per cent), which is counted as nickel because its effect 
upon the significant properties of nickel is slight and not detrimental. 

This material will be referred to hereafter simply as nickel. 

"Z" Nickel 

“Z” Nickel is an age-hardening, high-nickel alloy in which great 
strength and hardness are accompanied by the high resistance to cor¬ 
rosion that is characteristic of nickel. 

* Reg. U. S. Pat. Off. 
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Inconel 

Inconel is a high-strength, non-magnetic, nickel-chromium-iron 
alloy containing approximately 80 per cent of nickel and 13 per cent 
of chromium. It was developed primarily for freedom from tarnishing 
and other effects of corrosion in the food industries. Its composition, 
however, makes it resistant to a great variety of other corrosives, which 
is responsible for a wide industrial use. Because of freedom from scal¬ 
ing and intercrystalline attack, it has been applied extensively for 
service at elevated temperatures. 


WROUGHT SPECIAL HIGH-NICKEL ALLOYS AND 
CLAD MATERIALS 

The five most important special high-nickel alloy wrought products 
and clad materials are listed below. 

Nominal chemical compositions and ranges of mechanical properties 
of the products are given in Sections B and G, respectively. 

"D" Nickel 

“D” Nickel contains approximately 4.5 per cent of manganese but 
otherwise has the composition of nickel. The manganese provides im¬ 
proved resistance to attack by sulfur compounds at elevated tempera¬ 
tures under both oxidizing and reducing conditions. 

Low-Carbon Nickel 

This is a special variety containing a maximum of 0.02 per cent 
carbon. It is commonly known as “carbon-free nickel” and is used 
chiefly for difficult deep-drawing and spinning operations. 

Nickel-, Monel- and Inconel-Clad Steel f 

These are composite metallurgical^ bonded products. Steel of 
flange quality is protected with a homogeneous layer of one of the 
high-nickel materials. The cladding, which may be applied to either or 
both sides of the steel plate, is usually 5, 10, 15 or 20 per cent of the 
total thickness. 

t Produced by Lukens Steel Company, Coatesville, Pa. 
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CASTINGS 

There are five cast products which are described briefly in the fol¬ 
lowing paragraphs. Castings of Monel, “H” Monel and “S” Monel 
differ in silicon content and thereby provide three levels of hardness 
and strength. The chemical compositions of nickel and Inconel cast¬ 
ings are not varied except for minor adjustments of carbon, manganese 
and silicon, as may be required by the shape and size of the patterns. 

A detailed description of all cast products, including chemical com¬ 
positions, mechanical and physical properties, is given in Section 0. 

Monel 

Monel castings have the same order of resistance to corrosion as 
wrought Monel and are used for pump impellers, filter plates, valve 
bodies, pumps, bushings and fittings. 

"H" Monel 

“H” Monel contains 2.75 to 3.25 per cent silicon but otherwise has 
the composition of cast Monel. The silicon provides increased, but not 
maximum, hardness with good ductility. The alloy has the same order 
of resistance to corrosion as cast Monel. 

"S" Monel 

“S” Monel contains approximately 4 per cent silicon which con¬ 
fers age-hardening characteristics. The hardness of the alloy is of the 
order of 320 Brinell as-cast and may be increased to 350 by suitable 
thermal treatment. This high hardness results in excellent gall and ero¬ 
sion resistance, thus making it particularly suitable for valve seats, 
and sliding or other moving elements. The alloy has the same order 
of resistance to corrosion as Monel and “H” Monel. 

Nickel 

Cast nickel has corrosion resistance similar to that of wrought nickel 
and is useful for special applications to avoid metallic contamination. 


Inconel 

Inconel castings are used under severe corrosive conditions where 
neither nickel nor Monel is satisfactory. The corrosion resistance of cast 
Inconel is of the same order as that of wrought Inconel. 
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CHEMICAL COMPOSITION 

T ABLE B-1 gives the nominal chemical composition of wrought 
Monel, Inconel, nickel and their related alloys (regular mill prod¬ 
ucts). Similar data for wrought special high-nickel alloys and clad 
materials (special mill products) are given in Table B-2. Table B-3 
summarizes minima or maxima chemical contents, as prescribed in cur¬ 
rent Federal Specifications. 

Methods of chemical analysis for the principal constituents are 
given in Section C. 

TABLE B-1 

Nominal Chemical Composition 
Wrought Monel, Inconel, Nickel and Nickel Alloys 


* Material 

Nickel t 

per cent 

Copper 

per cent 

Iron 

per cent 

Man¬ 
ganese 
per cent 

Silicon 

per cent 

Carbon 

percent 

Sulfur 

per cent 

Alu¬ 

minum 

percent 

Chro¬ 

mium 

percent 

Monel. 

67.00 

30.00 

1.40 

1.00 

0.10 

0.15 

0.01 



‘R ’* Monel.. 

67.00 

30.00 

1.70 

1.10 

0.05 

0.10 

0.035 



‘K”* Monel.. 

66.00 

29.00 

0.90 

0.40 

0.50 

0.15 

0.005 

2.75 


Nickel. 

99.40 

0.10 

0.15 

0.20 

0.05 

0.10 

0.005 



"Z”* Nickel. . 

98.00 









Inconel. 

79.50 

0.20 

6.50 

0.25 

0.25 

0.08 

0.015 


13.00 


* Reg. U. S. Pat. Off. 
t Includes a small amount of cobalt. 


TABLE B-2 

Nominal Chemical Composition 
Wrought Special High-nickel Alloys and Clad Materials 


Material 

Nickelt 

per cent 

Copper 

per cent 

Iron 

per cent 

Man¬ 
ganese 
per cent 

Silicon 

per cent 

Carbon 

per cent 

Sulfur 

per cent 

Carbon-Free (Low- 
Carbon) Nickel. 

99.40 

0.10 

0.15 

0.20 

0.05 

0.02 max. 

0.005 

“D”* Nickel. 

95.20 

0.05 

0.15 

4.50 

0.05 

0.10 

0.005 

Nickel-, Monel- and 
Inconel-Clad Steels... 

See ap 

propriat 

e sectioi 

i of Tab 

le B-1 




* Reg. U. S. Pat. Off. 
t Includes a small amount of cobalt. 
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CHEMICAL ANALYSES AND TESTS 

D ETAILED descriptions of methods of quantitative chemical analy¬ 
sis for the principal constituents of wrought Monel, Inconel, 
nickel and nickel alloys are given. Included also is a convenient 
procedure for the qualitative identification of some common white metals 
and alloys. 


METHOD OF ANALYSIS 
FOR PRINCIPAL CONSTITUENTS 

The Determination of Nickel in Metallic Nickel Products 

The following procedures for chemical analysis are those which are 
used regularly in the laboratories of The International Nickel Company, 
Inc. Unless otherwise specified, a statement of nickel content will be 
interpreted to mean the percentage of nickel plus a small amount of 
cobalt which is counted as nickel. 

The metallic nickel content of commercial nickel and nickel alloys 
is not determined conveniently and accurately by electro-deposition 
from ammoniacal sulfate or chloride solutions. If nickel is to be plated, 
its solution must first be freed from iron and manganese hydroxides and 
various other substances which would be occluded and produce high 
results. The most convenient and accurate procedure is to determine 
the minor constituents and deduct their total from 100 per cent. The 
commonly occurring minor constituents are: carbon, manganese, iron, 
sulfur, silicon, copper and cobalt. 

The Determination of Iron in Nickel—Dichromate Method 

Dissolve 10 gm. of nickel drillings in 100 ml. of nitric acid in an 800- 
ml. beaker. Diluting the acid slightly with water will aid in solution. 
After action has ceased, evaporate to a small volume to remove most of 
the acid. Remove from the hot plate and add 400 ml. of cold water and 
10 gm. of ammonium chloride crystals. 

Make the solution strongly alkaline with ammonium hydroxide, 
bring to a boil, filter on a rapid paper, such as Whatman No. 7, and 
wash with hot water. Dissolve the ferric hydroxide from the paper with 
50 ml. of hot dilute hydrochloric acid (1:3) into the original beaker, 
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and repeat the above precipitation, filtration and washing. Finally, 
dissolve the ferric hydroxide from the paper into a 500-ml. Erlenmeyer 
flask with 100 ml. of hot water containing 10 ml. of concentrated 
hydrochloric acid. Wash the paper thoroughly with hot water to a 
volume of 300 ml. Heat the filtrate to boiling and add sufficient stannous 
chloride solution to discharge the yellow color, and four or five drops 
excess. The addition must be made slowly and with frequent swirling 
of the solution in the flask, to prevent the addition of too large an excess 
of reducing agent. Cool in running water. 

Treat the cold solution with 20 ml. of a saturated solution of 
mercuric chloride, to overcome the excess stannous chloride, and 20 ml. 
of a sulfuric-phosphoric acid mixture. A silky precipitate of mercurous 
chloride should be evident at this point if a sufficient excess of stannous 
chloride has been, provided. Add 3 drops of diphenylamine indicator 
and titrate with potassium dichromate to a deep blue color. With 
small amounts of iron, the color appears quickly and fades with over¬ 
titration, giving a green solution resembling the mixture just before the 
end point is reached; therefore, the dichromate must be added cau¬ 
tiously. 


ml. K 2 Cr 2 Q 7 x gm. Fe per ml. 
sample wt. 


X 100 = per cent Iron. 


REAGENTS 

Potassium Dichromate . 4.9085 gm. per liter standardized against 
pure iron wire. Dissolve 0.25 gm. of iron wire in 50 ml. of hot dilute 
hydrochloric acid (1:3), dilute to 200 ml. with hot water, and complete 
the reduction of iron with stannous chloride. Cool, add 20 ml. of a 
saturated solution of mercuric chloride and 20 ml. of the sulfuric- 
phosphoric acid mixture, and complete the titration as above. 


gm. Fe_ 

ml. K 2 Cr 2 0 7 


= milliequivalent Fe 


Mercuric chloride. A saturated solution is prepared by heating a 
quantity of the salt with 2 liters of water until solution is effected, 
then allowing the solution to cool and decanting the liquid from the 
crystals. 
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Sulfuric acid—Phosphoric Acid Mixture. 

930 ml. of water 

870 ml. of H 2 S0 4 (1.84 sp. gr.) 

200 ml. of H 3 PO 4 (1.71 sp. gr.) 

Stannous chloride. Prepared by dissolving 40 gm. of tin in 600 ml. 
of hydrochloric acid and 400 ml. of water. 

Diphenylamine Indicator. Prepared by dissolving 1 gm. of diphenyl- 
amine in 100 ml. of sulfuric acid (1.84 sp. gr.). 

Precaution : The double precipitation of the iron hydroxide with 
ammonium hydroxide is intended to remove all nitrate and copper. 
Nitrates interfere with the sensitivity of the diphenylamine, and copper 
catalyzes the oxidation of iron by the air. 

The Determination of Copper in Nickel 
1. Hydrogen Sulfide Method for Greatest Accuracy 

Dissolve 20 gm. of drillings in 125 ml. of concentrated nitric acid 
in a 1000-ml. beaker. When action has ceased, evaporate to a small 
volume, remove from the hot plate, add 25 ml. of concentrated hydro¬ 
chloric acid, again reduce to a syrup, and then treat with 100 ml. of 
concentrated sulfuric acid, swirling the liquid constantly. The addition 
of hydrochloric acid is not absolutely necessary but makes the treat¬ 
ment with sulfuric acid and subsequent fuming easier, because nickel 
nitrate alone almost invariably spatters with sulfuric acid. Handling the 
beaker with tongs, place it on a hot plate and swirl the liquid vigorously 
until a boiling, homogeneous mixture is produced. Evaporate to fumes 
cautiously on an asbestos pad, and fume for 30 minutes or longer. Re¬ 
gardless of the length of time the sulfuric acid is fuming, no difficulty 
will be encountered in redissolving the nickel sulfate. Cool, add 300 
ml. of hot water, stir and heat until the nickel salt is in solution; then 
filter on a rapid qualitative paper, such as Whatman No. 7, catching 
the filtrate in a liter beaker. Cool the filtrate and neutralize approxi¬ 
mately half of the sulfuric acid with 75 gm. of sodium hydroxide dis¬ 
solved in a little water. Do not use ammonium or potassium hydrox¬ 
ides as these form relatively insoluble precipitates on cooling. 

Heat the prepared solution to boiling and pass hydrogen sulfide 
into it for at least 30 minutes as the solution cools. Allow to stand for 
1 hour and filter off the copper sulfide on a Whatman No. 30 paper. 
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If electrolytic equipment is not available, wash the sulfide well with 
dilute sulfuric acid (1:99) saturated with hydrogen sulfide, until free 
from nickel. Dry the paper in a porcelain crucible and burn the sulfide 
to oxide. Cool in a desiccator and weigh as cupric oxide. Calculate to 
copper. 

If electrolytic equipment is at hand, the sulfide need not be 
washed thoroughly because a little nickel will do no harm. Care should 
be taken to keep the sulfide in contact with the hydrogen sulfide solu¬ 
tion because copper sulfide is oxidized easily by the air. Transfer the 
paper and precipitate to a 250-ml. low-form beaker, add 75 ml. of con¬ 
centrated nitric acid and 5 ml. of concentrated sulfuric acid, cover and 
evaporate to fumes. Cool, add nitric acid, evaporate to fumes and repeat 
this operation as often as is necessary to completely oxidize carbonace¬ 
ous matter. Cool, dilute to 50 ml. with hot water and heat until salts 
are in solution. Add 3 ml. of nitric acid and dilute to 200 ml. with cold 
water. Plate out the copper over night at 0.35 amp., using a platinum 
anode and a tared platinum cathode. Wash the cathode with water, then 
alcohol. Cautiously burn off the alcohol, avoiding oxidation of the 
copper. Cool and weigh. Multiply the weight of the deposited metal by 
5 to obtain the per cent of copper. 

The above method presupposes the absence of tin, molybdenum, 
antimony, selenium, tellurium, silver and other elements that would be 
precipitated with the copper as sulfides and contaminate the plated 
copper. 

2. Optional Method For Routine Work—Electrolytic Method. 

In routine work the following less accurate method may be used. 

Dissolve 5 gm. of nickel drillings in 50 ml. of nitric acid (2:1) in a 
tall 400-ml. beaker and evaporate to a syrup. Dilute to 200 ml. with cold 
water and barely neutralize with ammonium hydroxide. Acidify with 
sulfuric acid (1:1) and add 10 ml. excess. Dilute to 350 ml. with cold 
water and plate out the copper over night at 0.35 amp., using a platinum 
anode and a tared platinum cathode. Wash, dry, and weigh the cathode 
as directed above. The increase in weight is metallic copper. This 
method is more satisfactory than No. 1 for amounts of copper in ex¬ 
cess of 1 per cent, for which the sulfide precipitate becomes difficult to 
handle. The small amount of copper left in solution may be recovered 
by evaporating the solution and the cathode washings to fumes (after 
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adding about 30 ml. of concentrated sulfuric acid), resolution of the 
sulfates, and precipitation of the copper as sulfide. The copper may be 
determined electrolytically or by ignition to oxide as described previ¬ 
ously. 

The Determination of Cobalt in Nickel or Monel 

The application of the potassium nitrite separation for cobalt to 
ordinary nickel products requires no preliminary separation of either 
iron or copper. The following method applies to nickel and high-nickel 
alloys. 

Dissolve 2 gm. of nickel drillings in 30 ml. of nitric acid (1:1) in a 
400-ml. beaker and evaporate to a syrup. Cool, neutralize free acid 
with solid sodium carbonate, and make acid with acetic acid (1:1) plus 
10 ml. excess. At this point the volume should not exceed 50 ml. Heat 
to boiling. Prepare 50 ml. of 50 per cent potassium nitrite solution and 
heat to boiling. Treat the nitrite solution with 20 ml. acetic acid (1:1) 
and immediately pour it into the nickel solution with care to avoid 
frothing over of the mixture. Stir vigorously until the yellow precipitate 
of potassium cobaltinitrite appears, then allow to stand for 6 hours or 
over night at about 50° to 60° C. The solution must be kept warm or 
the large amount of potassium acetate formed will crystallize, rendering 
filtration extremely difficult. 

Filter on a small No. 30 Whatman paper, wash moderately with 5 
per cent potassium nitrite solution slightly acid with acetic acid, and 
discard the filtrate. Transfer the paper and precipitate to the original 
beaker and add 25 ml. of hot water and 10 ml. of hydrochloric acid. 
Stir and heat until the precipitate is dissolved. Filter on a rapid paper, 
catching the filtrate in a 400-ml. beaker. Wash the paper thoroughly 
with hot water. Evaporate the filtrate to 5 ml., neutralize free acid with 
sodium carbonate, acidify with acetic acid, and repeat the precipitation 
(using 10 to 15 gm. potassium nitrite), filtering and washing the 
cobaltinitrite as before. The second precipitation is absolutely necessary, 
for no amount of washing will remove all the nickel from the first preci¬ 
pitate. 

Transfer the washed precipitate to the beaker in which it was 
formed, treat with 25 ml. of water and 10 ml. of hydrochloric acid and 
heat until the cobaltinitrite is decomposed. Filter and wash well with 
hot water. Boil the filtrate for 10 or 15 minutes, to remove nitrogen 
compounds, cool, neutralize with ammonium hydroxide, add 50 ml. ex- 
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cess, then 5 to 10 gm. ammonium chloride and 0.5 gm. sodium bisulfite. 
Electrolyze with a platinum anode and a tared platinum cathode, with 
either the rotating anode for 1 hour at 2 amp., or over night at 0.5 amp. 
with the stationary anode. Wash the cathode with water, then with 
alcohol. Cautiously burn off the alcohol, cool and weigh. The difference 
in weight is cobalt. 


gm. of Cobalt 
sample wt. 


X 100 = per cent Cobalt. 


Separation of cobalt from nickel by this method is complete. The 
amount of cobalt left in solution after electrolysis is less than 0.2 mgm. 


NOTE: The method may be used for Monel. 


The Determination of Iron in Monel 

Dissolve 2 gm. of Monel drillings in 15 ml. of concentrated nitric 
acid in a 400-ml. beaker and heat to remove gaseous nitrogen com¬ 
pounds. Dilute to 200 ml. with cold water, add 20 gm. of ammonium 
chloride and proceed as in “The Determination of Iron in Nickel.” 

The Determination of Copper in Monel 

Dissolve 1 gm. of drillings in 15 ml. of nitric acid (1:1) in a 250- 
ml. beaker and heat until solution is complete and all gaseous nitrogen 
compounds are driven off. Dilute to 200 ml. with cold water, stir in 
10 ml. of sulfuric acid (1:1) and electrolyze over night at 0.3 to 0.5 
amp. using a platinum anode and a tared platinum cathode. At the 
end of 16 hours, deposition will be complete but may be confirmed by 
diluting the solution slightly to expose a new surface of cathode. Re¬ 
move the cathode from the solution and quickly wash with hot water, 
then with alcohol. Cautiously bum off the alcohol, with care to prevent 
oxidation of copper, cool and weigh. The increase in weight multiplied 
by 100 is per cent copper. 

The amount of copper left in solution is generally negligible, but 
may be recovered by precipitation with hydrogen sulfide after convert¬ 
ing the electrolyte and cathode washings to sulfates. 

The Determination of Nickel in Monel 

It is not common practice to determine nickel in Monel. It is more 
convenient to determine the content of alloying elements and assume 
the balance to be nickel. The commonly occurring minor constituents 
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are: carbon, manganese, iron, sulfur, silicon, copper, cobalt, and some¬ 
times aluminum (“K”* Monel). However, as a check on composition, 
nickel may be determined by the following method. 

Weigh 0.6 gm. of Monel drillings into a 600-ml. beaker and dissolve 
in 10 ml. of concentrated nitric acid. Dilute to 150 ml., add 20 ml. of 
sulfuric acid (1:1) and remove copper by electrolysis, preferably on a 
rapid electrolytic cabinet. When the deposition of copper is reasonably 
complete, (2 amp., 1 hr.), remove the nickel solution, wash the anode 
and cathode carefully and treat the solution with 20 ml. of a 25 per cent 
citric acid solution. Make the solution slightly ammoniacal and then 
slightly acid with acetic acid, and heat almost to boiling. Place 2 gm. of 
dimethylglyoxime and 50 ml. alcohol (ethyl or methyl) in a 250-ml. 
beaker and heat until the glyoxime goes into solution. Then pour this 
mixture cautiously into the warm nickel solution. Add ammonium hy¬ 
droxide until the solution is distinctly ammoniacal, dilute to 450 to 500 
ml., and allow to stand for at least 30 minutes. Do not attempt to heat 
or boil this mixture as the red precipitate will invariably “bump.” The 
solution should be allowed to cool before filtering, for best separation 
from cobalt. 

Filter the nickel dimethylglyoxime on a 15 cm. rapid paper, such 
as Whatman No. 7, and wash well with hot water to remove iron, 
manganese, cobalt, etc. Test the filtrate with a little 1 per cent dimethyl¬ 
glyoxime solution. Transfer the paper and precipitate to the original 
beaker, add 100 ml. of concentrated nitric acid and 20 ml. of concen¬ 
trated sulfuric acid. Evaporate rapidly to fumes. Cool, add nitric acid 
and evaporate cautiously to fumes. Repeat as often as necessary to 
completely oxidize the organic matter. Cool once more, dilute to 150 
ml. with warm water, stir and heat until the nickel sulfate is in solu¬ 
tion. Cool in running water, neutralize cautiously with ammonium 
hydroxide and add 60 to 80 ml. in excess. Electrolyze over night with 
a platinum anode and a tared platinum cathode at 0.5 amp. After 16 
hours, remove the cathode from the solution, wash it with water and 
then with alcohol. Burn off the alcohol, cool the cathode and weigh it. 
The difference in weight is metallic nickel. Completeness of deposition 
can be checked by adding a little 1 per cent dimethylglyoxime solution 
to the ammoniacal electrolyte. 

The separation of nickel from cobalt and other elements likely to 
be present is complete, for all practical purposes, by this method. The 
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amount of nickel likely to be left in solution after precipitation by the 
reagent, and the amount remaining after electrolysis, are negligible for 
all but the most accurate work. The handling of a glyoxime precipitate 
prepared as above is easy since the approximately 0.4 gm. nickel in¬ 
volved produces a compact mass which is filtered easily on a 15 cm. 
paper. The solubility of the precipitate due to the presence of alcohol is 
reduced to a minimum by dissolving the reagent in hot alcohol. This 
amount of dimethylglyoxime in an ordinary 1 per cent solution would 
necessitate the use of 200 ml. The precipitate is not excessively soluble 
in ammonium hydroxide but is more sensitive to acids, so the solutions 
should always be distinctly ammoniacal. The electrolytic deposition of 
nickel is extremely sensitive to the presence of nitrates or nitrites; even 
the smallest amount of these will retard deposition, so the nickel sulfate 
should be thoroughly fumed to remove all nitric acid. 

The Determination of Carbon in Nickel or Monel 

A combustion tube furnace capable of operation at 1200° C. or 
higher, and supplied with a regulating rheostat and pyrometer, is used. 
The oxygen should be at least 99.5 per cent pure. The furnace and 
auxiliary equipment are illustrated in Fig. C-l. 



Bottle 

Fig. C-l —Carbon combustion train. 

The oxygen-purifying train consists of three 8-oz. bottles fitted 
with two-hole rubber stoppers, through which glass tubing conducts 
the gas first to the bottom of the bottle, then out at the top to the 
next bottle. The first bottle is empty, the second is one-third full of 
concentrated sulfuric acid, and the third is filled to a depth of 0.5 in. 
with glass wool, then with 3 in. of Ascarite, and finally with 0.5 in. of 
glass wool. Thereafter the gas passes to the combustion tube through 
a section of rubber tubing. 


• to- 




































CHEMICAL ANALYSES AND TESTS 


The combustion tube (McDanel type), 1 in. inside diameter and 
30 in. long, is fitted at the inlet end with a rubber stopper equipped 
with a porcelain reflector to allow for the insertion of the sample. At 
the discharge end the tube is filled for about 3 in. with loosely packed, 
ignited asbestos and connected to the train through a section of rubber 
tubing. The remainder of the train consists of: first, a U tube used as a 
trap for sulfuric acid which often backs up during the combustion of 
easily oxidized materials; second, a sulfuric acid washing bottle one- 
fourth full; third, a Midvale absorption bulb filled with Dehydrite, 
which acts mainly as a trap for lead, nickel or other entrained oxides 
in the gas stream; and last, a Midvale absorption bulb containing As- 
carite. This bulb is filled first with 0.25 in. of glass wool, then almost 
to the top with carefully packed Ascarite, then finally with 0.25 in. 
of glass wool. The dehydrite bulb is packed in a similar manner, sub¬ 
stituting Dehydrite for Ascarite. The Ascarite bulb is seasoned before 
use by passing oxygen through it for 30 minutes. 

To determine carbon, place a 3 gm. sample of 10 mesh nickel 
drillings in a trench of alundum powder contained in a previously 
ignited clay or nickel boat, and cover with 0.5 to 1 gm. of red lead to 
insure rapid and complete combustion. Weigh the seasoned absorption 
bulb and connect it to the train. Place the boat in the combustion tube, 
quickly stopper, and burn the metal for 30 min. at least at 1100°C. and 
preferably at 1200°C. or higher. The flow of oxygen should be regulated 
to at least 2 bubbles per second and it is sometimes necessary to 
increase this owing to rapid combustion. At the end of the prescribed 
time, disconnect the bulb and reweigh. The difference in weight equals 
the carbon dioxide evolved. 


gm. C0 2 X 0.2727 
sample wt. 


100 = per cent Carbon. 


NOTE: Blanks should be run at frequent intervals. It is advisable 
also to have standard samples of known carbon content, to determine the 
condition of the furnace and train. 


The Determination of Manganese in Nickel or Monel 
1. Ammonium Persulfate Method For Greatest Accuracy 

Dissolve 1 to 5 gm. of drillings in nitric acid (10 ml. per gm. of 
sample) in a 400-ml. beaker, and evaporate to a small volume. Dilute 
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with 200 ml. of cold water, add 5 to 10 gm. of ammonium nitrate or 
sulfate, (never chloride), and make ammoniacal, plus at least 25 ml. 
excess of ammonium hydroxide. Treat with 5 gm. of ammonium per¬ 
sulfate, cover and boil. Remove from the hot plate, cautiously add 5 
to 10 gm. of amonium persulfate and boil for 10 to 15 minutes. Make 
certain the solution is still ammoniacal and filter on a Whatman No. 2 
paper, washing the precipitate moderately with a hot 5 per cent am¬ 
monium hydroxide solution containing a small amount of ammonium 
persulfate. Dissolve the precipitate from the filter into a tall 400 ml. 
beaker with 100 ml. of hot water containing 30 ml. of nitric acid and 
5 ml. of sulfurous acid. Wash with hot water until the filtrate attains 
a volume of 200 to 250 ml. Boil the filtrate until free of S0 2 and 
N0 2 , and cool to 10°C. 

Add 1 to 2 gm. of sodium bismuthate to the cold solution, agitate 
for 1 minute, allow to stand for about 1 minute and filter through an 
asbestos mat into a liter suction flask. The bismuthate must be in 
excess, as shown by the residue on the pad. Wash the residue thor¬ 
oughly with cold water. The filtrate must be free from particles of 
bismuthate. The volume should be about 300 to 400 ml. Add a meas¬ 
ured excess of standard ferrous ammonium sulfate and titrate the excess 
at once with standard potassium permanganate. The ferrous ammonium 
sulfate solution should be compared with the permanganate solution 
daily by adding 25 ml. of the sulfate to 300 to 400 ml. of cold water 
containing 30 ml. of nitric acid, and titrating with permanganate. If 
necessary, the proper correction should be applied. 

If the solutions are equivalent, 

(ml. Fe [NH 4 ] 2 [S0 4 ] 2 — ml. KMn0 4 ) 

- X g m - Mn/m L-X 100 = per cent Manganese 

sample wt. 

2. Optional Method for Routine Work 

In routine analyses, where the greatest speed is desired, the follow¬ 
ing method gives good results in experienced hands. 

Dissolve 1 gm. of drillings in 20 ml. of concentrated nitric acid, using 
a tall 250-ml. beaker. Add 30 ml. of water and approximately 0.5 gm. of 
sodium bismuthate. Heat until the permanganate color develops, or a 
precipitate of manganese dioxide forms, then add sufficient sulfurous 
acid to clear the solution and boil until free of N0 2 . Dilute with cold 
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water to 100 ml. and cool quickly to 10°C. Add 1 to 2 gm. sodium 
bismuthate to the cold solution. Agitate for 1 minute, allow to stand for 
1 minute, filter and titrate as above to a pink end point. Subtract 0.5 
ml. from the volume of permanganate solution used, this being the 
amount used up in neutralizing the copper-nickel coloring. 

If the solutions are equivalent, 


(ml. Fe [NH 4 ] 2 [S0 4 ] 2 — [ml. KMn0 4 — 
0.5 ml. KMnQ 4 ]) X gms. Mn/ml 

sample wt. 


100 = per cent Manganese 


REAGENTS 

Ferrous ammonium sulfate. Dissolve 36 gm. of crystals in 400 ml. 
of water. Add 50 ml. of concentrated sulfuric acid with stirring, and 
dilute to 1 liter. One ml. of this solution equals approximately 0.001 
gm. manganese. 

Potassium Permanganate . Dissolve 2.9 gm. of crystals in a little 
water and make up to 1 liter. Standardize this solution against Bureau 
of Standards’ sodium oxalate and calculate its manganese value, which 
will be approximately 1 ml. = 0.001 gm. manganese. 

NOTES: The above method is subject to the following interferences. 

1 . Copper catalyzes the oxidation of iron by the air so the excess ferrous 
sulfate must be titrated rapidly to overcome this interference. For this 
reason, comparison of solutions cannot be made in the presence of 
copper, but titrations must be made in solutions containing similar 
amounts of nitric acid. Otherwise, the comparison will be too low. 

2 . Cobalt is always present, is oxidized both by permanganate and 
bismuthate, and is reduced by ferrous sulfate, which introduces a 
small error. 

3. The amount of permanganate required to overcome the copper-nickel 
color may be determined by titrating 1 gm. of nickel or Monel drillings 
dissolved in the same volume of solution, and with the same amount 
of nitric acid, until the color is neutralized and an end point is reached 
comparable to that used in the titration of manganese. 

4. The proper conditions for maximum stability of permanganic acid 
and complete oxidation of manganese are as follows: a temperature of 
10°C., a concentration of manganese not greater than 0.1 gm. per 
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100 ml. of nitric acid (1.13 sp. gr.), and 26 times as much bismuthate 
as manganese. Under these conditions agitation for 1 minute will be 
sufficient for any quantity of manganese. 

5. Chlorides or hydrochloric acid should be excluded, since they cause 
consumption of permanganate and produce high results. 


The Determination of Sulfur in Nickel or Monel 

A blank analysis must always be made. 

Place 10 gm. of nickel drillings in a 500-ml. casserole, add 3 gm. 
of potassium chlorate, then 100 ml. of concentrated nitric acid and 
cover the casserole. When action has ceased, evaporate quickly to dry¬ 
ness on a hot plate. Cool, add 50 ml. of concentrated hydrochloric acid 
and evaporate cautiously to dryness, to avoid spattering when the 
salts begin to crystallize. Bake on a hot plate until the cake of nickel 
salts assumes a uniform yellow color, then cool, add 50 ml. of con¬ 
centrated hydrochloric acid and repeat the operation. After the second 
baking, cool, add 150 ml. of hot water and 7 ml. of concentrated hydro¬ 
chloric acid and heat until solution is effected. Boil, filter on a No. 30 
Whatman paper into a tall lipless 500-ml. beaker, and wash the paper 
until the green color is removed. The volume of filtrate and washings 
should not exceed 350 to 400 ml. Heat the filtrate to boiling, add 25 
ml. of a 20 per cent barium chloride solution, cover and allow to stand 
at least 12 hours. 


Filter on a small double No. 42 or 44 Whatman paper with pulp. 
Wash twice with hot water containing 10 ml. of hydrochloric acid and 
10 ml. of barium chloride solutions per liter, then with hot water until 
the washings give only the faintest opalescence with silver nitrate. Dry 
the papers carefully and ignite in a tared platinum crucible to 1000°C. 
Cool and weigh as barium sulfate. 


BaSQ 4 X 0.1373 
sample wt. 


X 100 = per cent Sulfur. 


NOTES: 

1. If the nitric acid is diluted with water in any way, sulfur may 
be lost as hydrogen sulfide. 

2 . The acidity of the solution from which barium sulfate is to be 
precipitated should never exceed 2 per cent hydrochloric acid, and the 
solution must be prepared carefully to insure the decomposition of all 
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nitrates. The precipitated barium sulfate is appreciably soluble in water 
and washing should be confined to the minimum required to remove 
the chlorides. The amount of silicon in ordinary nickel products is so 
small that the ignited barium sulfate need not be corrected for its 
presence. 

3. The amount of the blank produced by the reagents does not 
exceed 1 mgm., or 0.002 per cent of sulfur on 10 gm. Reagents pro¬ 
ducing blanks in excess of this are considered unfit for use. 


The Determination of Silicon in Nickel or Monel 

Dissolve 5 gm. of drillings in 70 ml. of 1:1 nitric acid in a 600-ml. 
beaker, cover and evaporate to a syrup. Add 10 ml. of concentrated 
hydrochloric acid, mix and then add 40 ml. of concentrated sulfuric 
acid to the hot solution with constant agitation. The addition of hydro¬ 
chloric acid is not absolutely necessary, but makes this and subsequent 
operations easier, because nickel nitrate alone almost invariably spatters 
with sulfuric acid. Evaporate cautiously on an asbestos pad to copious 
fumes of S0 3 . Cool, add 200 ml. of warm water and heat, with constant 
stirring, until solution is complete. Do not boil. Mix in a small amount 
of ashless paper pulp and filter on a No. 30 Whatman paper. Wash the 
precipitate with warm dilute hydrochloric acid (1:20) until free from 
nickel, and finally with hot water until free from acid. Dry the paper 
carefully in a tared platinum crucible and ignite to 1000°C. Cool in a 
desiccator and weigh as impure silica. 

Moisten the precipitate with concentrated sulfuric acid and add 
enough hydrofluoric acid to dissolve the silica. Evaporate to dryness. 
Ignite the residue to 1000°C. Cool and weigh. The loss in weight equals 
the amount of silica. 


Si0 2 X 0-4672 
sample wt. 


X 100 = per cent Silicon 


NOTE: For routine work the volitalization of Si0 2 with hydro¬ 
fluoric acid may be omitted, as the silica precipitate, if white, is only 
very slightly contaminated. 


The Determination of Carbon in Inconel 

Carbon in Inconel may be determined by the direct combustion 
method, as given under “The Determination of Carbon in Monel or 
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Nickel.” A temperature of not less than 1200°C. must be maintained 
in the combustion furnace, and an accelerator such as red lead is neces¬ 
sary. 

The Determination of Manganese in Inconel 

1. Ammonium Persulfate Method 

Dissolve 1 gm. of Inconel drillings contained in a 600-ml. beaker 
with 20 ml. of c. p. perchloric acid (70-72 per cent) by gentle heating. 
When the solution is complete, boil until the chromium is oxidized 
thoroughly. Allow the solution to cool somewhat, dilute with 100 ml. 
of hot water, mix and boil vigorously until all odor of chlorine has 
disappeared. Dilute to 350 ml. with cold water and add 10 to 20 gm. 
of ammonium sulfate or nitrate (never chloride). Make strongly am- 
moniacal with at least 25 ml. excess of ammonium hydroxide, add 5 gm. 
of ammonium persulfate crystals and boil. Cool somewhat, cautiously 
introduce 5 gm. additional ammonium persulfate and boil for 10 to 
15 minutes. Make certain that the solution is still ammoniacal, filter 
on a reasonably close paper, such as Whatman No. 2, and wash thor¬ 
oughly with a 5 per cent ammonium hydroxide solution containing a 
little ammonium persulfate. Dissolve the precipitate from the paper 
with 100 ml. of hot water containing 30 ml. of concentrated nitric acid 
and 5 ml. of sulfurous acid, into a tail-form, 400-ml. beaker. Wash to a 
volume of 250 ml. and boil the filtrate to expel oxides of nitrogen. 
Cool to 10°C., test for chlorides with silver nitrate, and finish by the 
bismuthate method as given under “The Determination of Manganese 
in Monel or Nickel—Ammonium Persulfate Method.” 

Precautions. The perchloric acid solution should be boiled thorough¬ 
ly and the precipitate of iron and manganese washed thoroughly to 
remove all chlorides which interfere seriously in this method. The large 
volume of solution used is necessary to prevent the precipitation of nickel 
perchlorate with ammonium hydroxide. If the solutions are kept hot, 
this compound will not interfere seriously. The amount of chromium 
likely to be occluded in the precipitate of iron and manganese will not 
be oxidized by bismuthate in a cold solution. 

2. Optional—Potassium Chlorate Method 

Dissolve 3 gm. of Inconel contained in a tail-form, 400-ml. beaker 
with 75 ml. of aqua regia. Add 1 ml. of hydrofluoric acid and evaporate 
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the solution quickly to dryness. Treat with 25 ml. of concentrated nitric 
acid and evaporate cautiously to dryness. Repeat the treatment with 
nitric acid and evaporate to dryness. Pour 75 ml. of concentrated nitric 
acid on the dry cake, heat gently until all salts are in solution, intro¬ 
duce 5 gm. of potassium chlorate crystals and boil for 5 minutes. Cool 
somewhat, add 3 gm. of potassium chlorate and boil until the yellow 
fumes of chlorine dioxide have disappeared. Finally cool somewhat, add 
1 gm. of potassium chlorate, heat gently until this last portion is in 
solution, cool rapidly in running water, and filter on an asbestos pad, 
washing thoroughly with concentrated nitric acid that has been thor¬ 
oughly freed from oxides of nitrogen beforehand by passing air through 
it for 15 minutes. Discard the filtrate and dissolve the manganese diox¬ 
ide from the pad with 10 ml. of sulfurous acid into a suction flask. 
Transfer the manganese solution to the beaker in which precipitation 
was made, add 30 ml. of nitric acid and dilute to 350 ml. with water. 
Boil 5 to 10 minutes to expel oxides of nitrogen. Cool to 10°C., pre¬ 
cipitate any residual chlorides with silver nitrate, and finish by the 
bismuthate separation given in the ammonium persulfate method. 

Precautions. This method requires care to insure accuracy. The 
nitric acid solution of the alloy should be saturated at all times with 
chlorine for complete precipitation. The nitric acid for washing the 
manganese dioxide must be absolutely free from oxides of nitrogen, 
and care must be taken to remove all chlorides. The use of slightly de¬ 
composed nitric acid and the presence of chlorides are the chief sources 
of error. 


The Determination of Iron in Inconel 

Dissolve 1 gm. of Inconel drillings in a 600-ml. beaker by gently 
heating with 20 ml. of perchloric acid (70-72 per cent). Continue the 
heating until the acid fumes strongly and condenses on the sides of 
the beaker, and the chromium is thoroughly oxidized. Cool, add 100 
ml. of hot water and boil for a few minutes to remove chlorine. Dilute 
to 400 ml. with cold water, add 20 gm. of ammonium chloride and 
proceed as in “The Determination of Iron in Nickel.” 

Precaution. The stated dilution is absolutely necessary to prevent 
the formation of a difficultly filterable nickel perchlorate in the am- 
moniacal solution. Furthermore, the solutions should not be allowed to 
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cool while filtering the iron hydroxide, since the nickel perchlorate will 
be precipitated also. 


The Determination of Sulfur in Inconel 
1. Gravimetric Method 


A blank analysis must always be made. 

Dissolve 10 gm. of Inconel drillings in 125 ml. of aqua regia (2 vol. 
nitric acid plus 1 vol. hydrochloric acid), contained in an 800-ml. 
beaker. When solution is complete, add 2 gm. of sodium carbonate and 
60 ml of c.p. perchloric acid. Evaporate to fumes and allow to boil until 
all nitric and hydrochloric acids are expelled and the chromium is 
thoroughly oxidized. Cool, dilute with 150 ml. of hot water and 20 ml. 
of hydrochloric acid, and heat until all salts are in solution. Remove 
from heat, cautiously add an excess of 30 mesh c. p. zinc. Allow to 
react until action has practically ceased, add 7 ml. of hydrochloric acid, 
add a little paper pulp, and filter immediately on a rapid paper, such 
as Whatman No. 7, catching the filtrate in a lipless 500-ml. tall beaker. 
Heat the filtrate, which should have a volume of about 350 to 400 ml., 
to boiling and add 25 ml. of a 20 per cent barium chloride solution. 
Boil and allow to stand for at least 24 hours. 

Filter after the settling period on small double papers, such as 
Whatman No. 42 or 44, with a little added paper pulp. Wash twice 
with hot water containing 5 ml. of 20 per cent barium chloride and 10 
ml. of hydrochloric acid per liter, then with hot water until free from 
chlorides. Transfer to a platinum crucible, dry, and char thoroughly. 
Ignite to 1000°C. and weigh as barium sulfate. 


BaSQ 4 X 01373 
sample wt. 


100 = per cent Sulfur 


A blank conducted as above on reagents alone should not give more 
than 1 mg. of barium sulfate. The acidity of the solution should not be 
over 2 per cent, i. e., sufficient to prevent hydrolysis, as the very small 
amounts of sulfur involved will not precipitate in solutions of higher 
acidity. The precipitated barium sulfate is somewhat soluble in water; 
therefore washing should be confined to the minimum necessary to 
remove chlorides. 
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2. Evolution Method 

The gravimetric method for sulfur will give good results in expe¬ 
rienced hands, but requires great care and attention to detail owing to 
the possibility of hydrolysis of various elements present. The evolution 
method, similar to that used for steels, will give just as accurate results; 
with inexperienced operators, better results, in view of the small 
amounts of sulfur involved, are obtained. 

The usual 1:1 hydrochloric acid applied to ferrous materials cannot 
be used because its action is too slow. Concentrated hydrochloric acid 
will dissolve 5 gm. of Inconel drillings in about 1 hour, and requires 
some modification of the apparatus (see Fig. C-2). A flask provided 



with a water-cooled condensing coil for evolved hydrochloric acid gas 
is used (Pulsifer flask, iron analysis flask). The outlet of the con¬ 
denser is connected to a Drechsel type absorption bottle about three- 
fourths full of water and surrounded by cold water, in order to absorb 
hydrochloric acid and prevent excessive neutralization of the absorbent 
for hydrogen sulfide. From this bottle the gases are conducted into 
ammoniacal cadmium chloride solution contained in a similar vessel. 
A current of hydrogen, first cleansed by passing through strong potas- 
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sium permanganate and sodium hydroxide solutions is passed through 
the apparatus continuously, to aid in sweeping out the gases. 

Connect the condenser to the absorption bottles. Place 5 gm. of 
Inconel drillings in the decomposition flask and set it tightly in place 
on the apparatus. Add 100 ml. of concentrated hydrochloric acid 
through the funnel and connect the train to the source of hydrogen 
which is set to maintain a rapid stream of the gas. Boil the acid until 
all of the metal is in solution (about 1 hour). Disconnect the absorp¬ 
tion flasks, pour the contents of both into a 400-ml. beaker, taking 
care to remove all the particles of precipitated cadmium sulfide. The 
volume of solution and washings should be about 350 ml. The solution 
from the first bottle will contain sufficient acid to neutralize the am¬ 
monia in the absorbent and the solution can be titrated immediately 
with iodine or iodate, as the ammoniacal cadmium chloride already 
contains the starch indicator. Solutions prepared for this method have 
the titer 0.005 per cent sulfur per ml. on a 5 gm. sample. 

In order to obtain concordant results, the conditions for this method 
must always be the same. Neither the weight of the sample nor the 
volume of the solution to be titrated can be varied without establishing 
a new set of variables which probably will produce erroneous results. 
The precipitated cadmium sulfide must be protected from sunlight to 
avoid photochemical changes that might result in low values. 

REAGENTS 

1. Ammoniacal cadmium chloride 

40 gm. cadmium chloride 
2 gm. zinc chloride 
1000 ml. ammonium hydroxide 

Place in a 2-liter flask and add starch solution prepared by boiling 
6 gm. of potato starch in 600 ml. of water for about 1 hour. Dilute to 2 
liters with water. Use 40 ml. of this solution plus 60 ml. of water for 
each sample. 

2. Iodine solution 

Make up a standard iodine solution by dissolving 1.009 gm. of 
potassium permanganate in water and adding 15 gm. of potassium 
iodide and 10 ml. of sulfuric acid in a 2-liter graduated flask. Make up 
to mark with water. 
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The theoretical titer of this solution is 0.005 per cent sulfur per ml., 
using a 5 gm. sample. However, it should be standardized against a 
low-sulfur Bureau of Standards’ steel. 

The Determination of Silicon in Inconel 

Dissolve 3 gm. of Inconel drillings in 75 ml. of aqua regia con¬ 
tained in a 600-ml. beaker. Evaporate to a syrup and add 30 ml. of 
concentrated sulfuric acid to the hot solution with constant agitation. 
Evaporate cautiously to fumes on an asbestos pad and dehydrate the 
silica thoroughly at a moderate temperature. Prolonged heating at a 
high temperature at this point will cause chromium sulfate to become 
insoluble. Allow to cool somewhat, add 150 ml. of warm water, stir and 
heat until the salts are dissolved, introduce a little paper pulp into 
the solution and filter on a No. 30 Whatman paper. Wash twice with 
hot hydrochloric acid (5:95) to remove iron, and continue the wash¬ 
ing with hot water until the acid and sulfates are removed. Transfer 
the paper and silica to a platinum crucible, dry and char carefully, 
and ignite to 1000°C. Cool in a desiccator and weigh as impure silica. 
Moisten the silica with dilute sulfuric acid (1:1), then add sufficient 
hydrofluoric acid to dissolve it. Evaporate to dryness and ignite at 
1000°C. Cool in a desiccator and weigh. The difference in weight is 
silica. 

SiP 2 X 0.4672_ x 1Q0 _ cen) . Silicon 
sample wt. 

NOTE: The above determination can be performed by substituting 
50 ml. of perchloric acid for the sulfuric acid specified, but this is not 
much favored in routine analysis on account of the difficulty in wash¬ 
ing chromic acid from the particles of silica. Perchloric acid has the 
advantage of never causing spattering and of producing easily soluble 
salts, but makes treatment with hydrofluoric acid imperative. The last 
named operation may be omitted generally in routine analysis. 

The Determination of Copper in Inconel 

Dissolve 3 gm. of Inconel drillings in 75 ml. of aqua regia, contained 
in a 600-ml. beaker. When solution is complete, evaporate to a small 
volume and add 30 ml. of concentrated sulfuric acid with constant 
agitation. Evaporate cautiously to fumes on an asbestos pad, cool 
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somewhat, dilute with 150 ml. of warm water, stir, and heat until 
all salts are in solution. Introduce a little filter paper pulp into the 
solution and filter on a rapid paper, such as Whatman No. 7, and wash 
thoroughly with hot water. Heat the filtrate (volume about 300 ml.) 
to boiling and pass hydrogen sulfide into it for about 30 minutes as it 
cools. Filter through a No. 30 Whatman paper and wash the copper 
sulfide moderately with dilute sulfuric acid (1:99) saturated with 
hydrogen sulfide. Transfer the paper and precipitate to a 250 ml. 
beaker and add 75 ml. of concentrated nitric acid and 5 ml. of con¬ 
centrated sulfuric acid. Evaporate quickly to fumes, cool somewhat, 
add a little nitric acid and again evaporate to fumes. Repeat the opera¬ 
tions as often as may be necessary to destroy organic matter. CoqI, add 
50 ml. of warm water and heat until copper sulfate is in solution. Then 
add 3 ml. of nitric acid and dilute to 200 ml. with cold water. 

Electrolyze over night with a platinum anode and a tared platinum 
cathode at 0.35 amp. At the end of 16 hours remove the cathode from 
solution, quickly wash it with hot water, then with alcohol, and then 
burn off excess alcohol, taking care to prevent oxidation of the copper. 
Cool and weigh. The difference in weight is copper. 

Wt. of Copper x 1QQ = cent Copper 
sample wt. 

Precipitation of copper by hydrogen sulfide from the approximately 
10 per cent sulfuric acid solution is complete; in fact, it is complete 
from much stronger solutions, up to and including 36 N acid. 

The Determination of Chromium in Inconel 

Dissolve 0.5 gm. of Inconel drillings contained in a 500-ml. Erlen- 
meyer flask by gentle heating with 35 ml. of perchloric acid (70-72 per 
cent). Cover the flask with a tightly fitting, heavy watch glass to pre¬ 
vent loss of chromium which will volatilize with perchloric acid at fum¬ 
ing temperature. Heat the mixture to boiling and boil at least 20 min¬ 
utes. The inside of the flask should be free of fumes, and the acid 
should be condensing on the flask about halfway up. Remove the flask 
from the hot plate, set it on a cold plate for 1 minute, then plunge 
it in and out of cold water several times to reduce the temperature 
of the flask (Pyrex) somewhat, and dilute the contents with 50 to 75 
ml. of hot water. Boil vigorously for 5 minutes to expel chlorine. Dilute 
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to 200 ml. with cold water, add 5 drops of a 20 per cent silver nitrate 
solution, and cool to 10° to 15°C. 

Add a measured excess of 0.1 N ferrous ammonium sulfate to the 
cold solution, then add 3 to 5 drops of orthophenanthroline ferrous 
complex and titrate with 0.1 N potassium permanganate until the red 
color of the indicator changes to the green chromium color. In practice, 
the same solutions are used as for manganese, their normality factor 
being approximately 0.0912 and the chromium value 0.00158 gm. per 
ml. Standardization of the two solutions should be made by treating 
35 ml. of perchloric acid as above, using the same amount of silver 
nitrate, and titrating at least 25 ml. of the ferrous solution with the 
permanganate solution in the presence of the same amount of indicator. 
(The color change in this case is from red to blue.) 

If the solutions are equivalent, then: 

(ml. [0.0912 N] FeS0 4 —ml. [0.0912 N] 

KMnQ 4 back t itration) X 0.00158 y 1QQ = cent chromium 
sample wt. 


REAGENTS 

Ferrous ammonium sulfate. (0.0912 N). Dissolve 72 gm. of the salt 
in 500 ml. of water, stir in 50 ml. of concentrated sulfuric acid, cool 
and dilute to 1 liter. 

Potassium permanganate (0.0912 N). Dissolve 2.9 gm. of the salt in 1 
liter of water and allow the solution to age for 2 weeks. Filter through 
an asbestos pad and standardize against Bureau of Standards’ sodium 
oxalate. 

Precaution : Standardization titrations should not be carried out in a 
solution containing dissolved Inconel as its copper content will catalyze 
the oxidation of ferrous iron by the air and produce high results. 

The Determination of Nickel in Inconel 

In Inconel, as in other alloys containing high percentages of nickel, 
this element is not determined usually, but the sum of the commonly 
occurring minor constituents is totaled and deducted from 100 per cent, 
the remainder being considered as nickel plus cobalt. However, as a 
check on composition, the following method will give accurate results. 
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Dissolve 0.5 gm. of Inconel drillings contained in a 600-ml. beaker 
in 15 ml. of aqua regia. When solution is complete, heat to drive off 
most of the oxides of nitrogen and then dilute with 150 ml. of cold water. 
Treat the solution with 20 ml. of a 25 per cent citric acid solution, 
and make it slightly ammoniacal. Acidify the solution with acetic acid 
and heat to boiling. Weigh 2 gm. of dimethylglyoxime into a 250 ml. 
beaker and cover it with 50 ml. of alcohol (methyl or ethyl). Heat 
gently until the dimethylglyoxime is dissolved, then pour the mixture 
cautiously into the hot nickel solution. Make the solution decidedly am¬ 
moniacal, dilute to 500 ml. with water, and allow the red precipitate 
to stand for 30 minutes, preferably in a cooling bath for maximum 
separation from cobalt. Do not attempt to boil the solution as it serves 
no purpose with this amount of nickel and the heavy precipitate will 
invariably “bump.” Filter on a rapid paper, such as Whatman No. 7, 
and wash thoroughly with hot water to remove chromium, copper and 
cobalt. 


Transfer the paper and precipitate to the original beaker, add 150 
ml. of concentrated nitric acid and 20 ml. of concentrated sulfuric acid, 
then evaporate quickly to fumes. Cool somewhat, treat with a small 
amount of nitric acid and again evaporate to fumes. Repeat as often 
as necessary to destroy organic matter, continuing the last fuming with 
sulfuric acid long enough to insure a reasonably complete absence of 
nitric acid. Allow the nickel sulfate to cool, dilute with 150 ml. of 
warm water, stir, and heat until the salt is in solution, and cool once 
more. Neutralize the sulfuric acid cautiously with ammonium hydrox¬ 
ide plus 60 to 80 ml. excess. Electrolyze over night at 0.5 amp. with a 
platinum anode and a tared platinum cathode. At the end of 16 hours 
remove the cathode from the solution, wash it with water, then with 
alcohol, cautiously burn off the alcohol, cool and weigh. The difference 
in weight is nickel. 


Wt. o f Nickel 
sample wt. 


100 = per cent Nickel 


NOTE: Separation of nickel from chromium, iron, cobalt and cop¬ 
per by the above method is complete for all practical purposes, if the 
washing of the red precipitate is well done. The electrolytic deposition 
of nickel is prevented by large amounts of chromium, and greatly slowed 
up by small amounts, so this element must be removed thoroughly. The 
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solubility of the precipitate due to the presence of alcohol is greatly 
lessened by preparation of the organic reagent as above, for the ordinary 
1 per cent solution of dimethylglyoxime would necessitate the use of 200 
ml. of alcohol. Nickel dimethylglyoxime is much more soluble in slightly 
acid solutions than in ammoniacal solutions, so the precipitating mixture 
should always be decidedly ammoniacal. Even small amounts of nitrates 
in a nickel sulfate solution slow up electrolysis; large amounts will 
prevent it altogether, so the sulfuric acid solution must be thoroughly 
fumed to remove nitric acid. The stripped electrolyte may be tested for 
completeness of precipitation with the ordinary 1 per cent alcoholic 
solution of dimethylglyoxime. The amount remaining after electrolysis 
(with negative glyoxime test) is of no importance in ordinary work. 


QUALITATIVE IDENTIFICATION OF SOME COMMON 
WHITE METALS AND ALLOYS 

The following procedures will distinguish among Monel, “S”* Monel, 
“K” Monel, nickel, 30 per cent copper nickel, nickel silver, Inconel, 
chromium-iron and chromium-nickel stainless steels, Ni-Resist*, or¬ 
dinary steel, and cast iron. Before testing, the material should be 
cleaned with emery cloth or a file to remove dirt, grease or corrosion 
products, or any metallic coating such as galvanizing. 

Test with a Strong Horseshoe Magnet 

I. If the material is strongly magnetic, it may be nickel, ordinary 
steel, cast iron or chromium-iron stainless steel. Confirm as in Pro¬ 
cedure A. 

II. If the material is slightly magnetic, it probably is MoneP or 
cold-worked 18-8 stainless steel with or without molybdenum. Confirm 
as in Procedure B or heat the specimen in hot water, preferably boiling, 
and retest with a magnet while hot. If the specimen loses its magnetism 
when heated it is MONEL. 

*Reg. U. S. Pat. Off. 

tThis test should be made preferably after cooling the metal with ice water or a freezing 
mixture, which will increase the magnetic strength and permit easier distinction between 
Monel and nickel-copper alloys of lower nickel content, e.g., nickel silver. 
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III. If the material is non-magnetic, it may be copper nickel, 
nickel silver, “K” Monel, “S” Monel, Inconel, chromium-nickel stain¬ 
less steel with or without molybdenum, or Ni-Resist. Confirm as in 
Procedure C. 

Procedure A—for Strongly Magnetic Materials 

Place a drop of concentrated nitric acid on a cleaned area. 

1. If the acid reacts slowly to a pale-green color, the material is 
NICKEL. 

2. If the acid reacts slowly to a brown-black color, the material is 
either ORDINARY STEEL, LOW-ALLOY STEEL or CAST IRON. 

3. If no reaction occurs, the material is CHROMIUM-IRON 
STAINLESS STEEL. 

Procedure B—for Slightly Magnetic Materials 

Place a drop of concentrated nitric acid on a cleaned area. 

1. If the acid reacts to a green-blue color, MONEL is indicated. 

2. After reaction has ceased, add one or two drops of water, im¬ 
merse an iron nail or steel knife blade in the drop and in contact with 
the test sample. If the nail or knife blade becomes coated with copper, 
or if a copper deposit appears on the material being tested, the latter is 
MONEL. 

3. If no reaction occurs, the material is heavily cold-worked 
CHROMIUM-NICKEL STAINLESS STEEL. 

Procedure C—for Non-Magnetic Materials 

Place a drop of concentrated nitric acid on a cleaned area. 

1. If the acid reacts rapidly to a blue-green color, the material is 
NICKEL SILVER or COPPER NICKEL. 

2. If the acid reacts to a green-blue color, the material is “K” 
MONEL or “S” MONEL. The form of the material will usually assist 
in identification since “K” Monel is never cast and “S” Monel is never 
wrought. 

3. If the acid reacts to a brown-black color, the material is NI- 
RESIST. 
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(4) If no reaction occurs, the material may be either Inconel or 
chromium-nickel stainless steel with or without molybdenum. 

To distinguish between Inconel and the stainless steels: 

(a) Place on the sample a few drops of a solution containing 10 gm. 
of cupric chloride (CuCl 2 • 2 H 2 0 ) in 100 cc. of concentrated hydro¬ 
chloric acid and allow it to stand for 2 minutes. Then slowly add 
a few drops of water, one drop at a time, and finally wash off the solu¬ 
tion. If a copper-colored spot remains, the material is CHROMIUM- 
NICKEL STAINLESS STEEL with or without molybdenum; if an 
uncolored etched spot remains, the material is INCONEL. Or 

(b) Place 1 drop of concentrated hydrochloric acid on a clean surface 
of the alloy and allow it to react for 1 minute. Then add 1 drop of an 
acid ferricyanide solution containing 1 per cent by weight of potassium 
ferricyanide, K s Fe (CN) 6 , and 10 per cent by weight of sulfuric 
acid. If a dark blue color appears quickly, the material is CHROMIUM- 
NICKEL STAINLESS STEEL with or without molybdenum; if no 
color develops it is INCONEL. 

(c) A distinction may be made between the types 316 and 317 
stainless steel, which contain molybdenum, and the chromium-nickel 
types 302 and 304. The test is made by immersing the alloy in an 
aqueous solution containing 75 per cent by weight of orthophosphoric 
acid (H 3 PO 4 ) and 1 to 30 gm. per liter of sodium chloride (common 
salt) at 140° to 200°F. If the stainless steel does not contain molyb¬ 
denum (Types 302 or 304) bubbles of hydrogen will begin to form 
within 30 sec. If the alloy contains molybdenum (Types 316 and 317) 
bubbles will not form. The quantity of sodium chloride and the testing 
temperature are not critical within the limits indicated. 
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CORROSION PROCESSES AND CONTROLLING FACTORS 

In this discussion, corrosion will be considered as the destructive 
alteration of a metal or alloy resulting from contact with a liquid medium. 
Corrosion processes may be considered to represent the response of a 
material to the influence of its environment. 

Corrosion is a complex phenomenon which may take any one or more 
of several forms to be discussed later. The fundamental reaction involves 
a transfer of electrons in which some positively charged ions in the cor¬ 
roding solution—usually hydrogen ions—lose electrical charges which are 
acquired by the metal or alloy going into solution, or being corroded. 
The complete corrosion reaction is divided into an anodic portion and a 
cathodic portion occurring simultaneously at discrete points on the metal¬ 
lic surfaces. The anodic reaction (oxidation) represents the acquisition of 
charges by the corroding metal, while the cathodic reaction (reduction) 
represents the loss of charges by the hydrogen ions which are discharged. 
The flow of electricity between the anodic and cathodic areas may be 
generated by local cells set up either on a single metallic surface, or be¬ 
tween dissimilar metals. Sometimes an electric current may be applied 
from some external source either accidentally or deliberately. 

This is the essence of the generally accepted electrochemical theory of 
corrosion. 

The seven most important factors that determine the extent or prog¬ 
ress of corrosion are discussed in detail. 

The Acidity of the Solution 

Since the discharge of hydrogen ions takes place in most corrosion 
reactions, it is not surprising that the acidity of a solution as represented 
by the concentration of hydrogen ions (pH) is a most important factor. 
It is also natural that acid (low pH) solutions are, as a general rule, more 
corrosive than neutral (pH 7), or alkaline (high pH) solutions. In the 
case of ordinary iron or steel, the dividing line between rapid corrosion in 
acid solutions, and moderate or slow corrosion in nearly neutral or alka¬ 
line solutions, occurs at about pH 4.5. With the amphoteric metals, such 
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as aluminum or zinc, highly alkaline (high pH) solutions may be even 
more corrosive than acid solutions. 

The tendency for metals to corrode by displacing hydrogen ions from 
solution is indicated in a general way by their position in the electro¬ 
motive series shown by Table D-l. It should be noted that the potential 
values given in this table apply only to the conditions where the metal 
is in contact with a solution in which the activity of the ion indicated is 
one mol per 1000 gm. of water. In any other solution, different values for 
the potentials would be developed. 

TABLE D-l 1 
Electromotive Series 


Metal 

Molal Electrode Potential at 77° F. (25° C.) 

Ion 

Volt 

Magnesium. 

Mg + + 

A1 + + + 

-2.34 

Aluminum. . 

-1.67 

Zinc. 

Zn + + 

-0.76 

Chromium. 

Cr + + + 

-0.71 

Iron. 

Fe + + 

-0.44 

Cadmium. 

Cd + + 

-0.40 

Nickel. 

Ni + + 

-0.25 

Tin. 

Sn + + 

-0.14 

Lead. 

Pb + + 

-0.13 

Hydrogen. 

H + 

Arbitrary zero point 
+0.34 

Copper. 

Cu + + 

Silver. 

Ag + 

Pd + + 

+0.80 

Palladium. 

+0.83 

Mercury. 

Hg+ + 

Pt + + 

+0.85 

Platinum. 

+ 1.2 

Gold. 

Au + + + 

+ 1.42 


Metals above hydrogen in this series displace hydrogen more readily 
than do those below hydrogen; a decrease in hydrogen ion concentration 
(acidity) tends to move hydrogen up relative to the metals, while an 
increase in the metal ion concentration tends to move the metals down 
relative to hydrogen. Whether or not hydrogen evolution will occur in any 
case is determined by several other factors in addition to the concentra¬ 
tions of hydrogen and metallic ions. These other factors include the phe¬ 
nomenon of hydrogen overvoltage which does not come within the scope 
of this discussion. The reader is referred to standard works on physical 
chemistry, electrochemistry and corrosion for a detailed discussion of this 

1 The Oxidation States of the Elements and Their Potentials in Aqueous Solutions. 
W. W. Latimer. Prentice-Hall, Inc., New York (1938). The signs of potentials used have 
been changed in accordance with present practice in the corrosion literature. 
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subject. The effects of films on the metallic surfaces are to be discussed 
later. 

The potentials of Monel, nickel and Inconel are such that conditions 
favoring corrosion accompanied by visible evolution of hydrogen are 
encountered very rarely. 

Visible evolution of hydrogen as a gas is not the only way by which 
discharged hydrogen ions are removed from the system. These may react 
with oxygen to form water or hydrogen peroxide, so that where hydrogen 
evolution does not occur this reaction is usually the most important one 
in determining the rate and extent of corrosion. This will be discussed in 
greater detail later in this Section. 

In addition to its direct effects on the tendency for corrosion to occur, 
the acidity of a solution may act indirectly through its influence on the 
nature and protective value of corrosion products. 

Monel, nickel and Inconel are resistant to corrosion over a wide range 
of acidity and alkalinity, and are practically free from corrosion on the 
alkaline side of neutral, i.e., pH values greater than 7. In alkaline solu¬ 
tions containing ammonium hydroxide, complex ions of nickel and copper 
may be formed in the case of nickel and Monel. This subject is discussed 
in greater detail under the heading “Corrosion-Resisting Characteristics 
of Monel, Inconel and Nickel.” Some illustrative data are given in 
Table D-2. The choice of mg. per sq. dm. per day* (mdd.) as a unit for 
expressing corrosion rates is discussed in detail under the heading “Cor¬ 
rosion Testing Methods.” 


TABLE D-2 

Results of Tests in Some Acid, Neutrcd and 
Alkaline Solutions 




Corrosion Rate, mdd. 


Material 

Acid Solution 

Neutral Solution 

Alkaline Solution 


5 per cent 

Hot Tap Water 
in Storage 
Tank 

Saturated Sodium 

50 per cent 


Sulfuric Acid 

and Potassium 

Caustic Soda 


Aerated at 

86° F. (30° C.) 

Chlorides at 
120° F. (49° C.) 

in Storage Tank 
at 150° F. (65° C.) 

Monel. 

240 

2.6 

9 

0.16 

Nickel. 

489 

0.9 

4 

0.13 

Inconel. 

360 

0.004 

0.4 

0.1 

Mild Steel.... 

9170 

73 

96 

43 


♦ See page 65. 
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Oxidizing Agents 

In some corrosion processes, such as the .solution of zinc in hydro¬ 
chloric acid, hydrogen may be evolved as a gas. In others, such as the 
relatively slow solution of copper in sodium chloride, the removal of 
hydrogen, which must occur in order that corrosion may proceed, is 
effected by a reaction between hydrogen and some oxidizing chemical, 
such as oxygen, to form water. Because of the high rates of corrosion 
which usually accompany hydrogen evolution, metals are rarely used in 
solutions from which they evolve hydrogen at an appreciable rate. As a 
result, most of the corrosion observed in practice occurs under conditions 
where the oxidation of hydrogen to form water is a necessary part of the 
corrosion process. For this reason, oxidizing agents are often powerful 
accelerators of corrosion, and, in many cases, the oxidizing power of a 
solution is its most important single property so far as corrosion is con¬ 
cerned. The data given in Table D-3 illustrate the effect of oxygen in 
accelerating corrosion. 2 


TABLE D-3 

Effect of Dissolved Oxygen on the Corrosion of Some Metals 
by Acids at Atmospheric Temperature 


Material 

Acid 

Acidity 
per cent 

Corrosion Rate, mdd. 

Hydrogen-saturated 
Acid (No Oxygen) 

Oxygen-saturated 

Acid 

Mild Steel.. . 

Sulfuric. 

6 

1700 

20,000 

Lead.... 

Hydrochloric.... 

4 

1350 

13,000 

Copper. 

Hydrochloric.... 

4 

1050 

86,000 

Tin. 

Sulfuric. 

6 

350 

43 500 

Nickel. 

Hydrochloric.... 

4 

370 

tc O jOVJyJ 

27,000 

Monel. 

Sulfuric. 

2 

60 

5,700 


The effect of air on the corrosion of Monel, nickel and Inconel by 
dilute sulfuric acid is illustrated by the data shown in Table D-4. 

Dissolved air is also effective in accelerating corrosion in neutral and 
alkaline solutions as illustrated by the data shown in Table D-5. 

While the oxygen in air is the most commonly encountered oxidizing 
substance, others have similar effects in accelerating corrosion. The data 
shown in Table D-6 illustrate, for example, the effect of ferric sulfate in 
accelerating corrosion of Monel by sulfuric acid. 

2 The Acid Corrosion of Metals. The Effect of Oxygen and Velocity. W. G. Whitman and 
R. P. Russell, Ind. Eng. Chem. 17, 348-354 (1925). 


•6* 






























CORROSION RESISTANCE 


TABLE D-4 

Effect of Dissolved Air on the Corrosion of MoneL Nickel and 
Inconel in 5 per cent Sulfuric Acid at 86° F. (30° C.) 


Material 

Corrosion Rate, mdd. 

Air-saturated 

Acid 

Air-free 

Acid 

Monel. 

240 

40 

Nickel. 

530 

20 

Inconel. 

480 

50 


TABLE D-5 

Effect of Dissolved Air on the Corrosion of Copper 
by Neutral and Alkaline Solutions 


Corrosion Rate, mdd. 


Neutral Solution 

Alkaline Solution 

1-N. Sodium Chloride 
at 86° F. (30° C.) 

1-N. Sodium Hydroxide 

1-N. Ammonium Hydroxide 

Aerated 

Unaerated 

Aerated 

Unaerated 

Aerated 

Unaerated 

21 

13 

46 

30 

464 

181 


TABLE D-6 

Effect of Oxidizing Salt (Ferric Sulfate) on the Corrosion of Monel 
by 1.6 per cent Sulfuric Acid at Atmospheric Temperature 


Concentration of Ferric Sulfate, per cent 

Corrosion Rate, mdd. 

0.0 

140 

0.18 (0.05 Fe) 

1215 


Oxidizing agents that accelerate the corrosion of some materials may 
also retard corrosion of others through the formation on their surface of 
oxides which are more resistant to chemical attack than the materials 
themselves. This is true of metals like aluminum, magnesium and chro¬ 
mium, and, to a lesser extent, iron and nickel. These metals are able to 
contribute the inhibiting effect to other metals with which they may be 
alloyed. This property of chromium is responsible for the principal cor¬ 
rosion-resisting characteristics of the stainless steels. 

It follows then, that oxidizing substances, such as dissolved air, may 


•7* 







































CORROSION RESISTANCE 


accelerate the corrosion of one class of materials, and retard the cor¬ 
rosion of another class. In the latter case, the behavior of the material 
usually represents a balance between the power of oxidizing compounds 
to preserve a protective oxide film and their tendency to accelerate cor¬ 
rosion when the agencies responsible for protective film break-down are 
able to destroy the oxide films. 

The difference in behavior between a material, the corrosion of which 
is accelerated by oxidizing agents, and another, the corrosion of which is 
retarded by oxidizing agents, is illustrated by the data given in Tables 
D-7, D-8 and D-10. 

TABLE D-7 

Corrosion of Monel and 18-8 Stainless Steel by Air-saturated 
and Air-free 5 per cent Sulfuric Acid 
at 86° F. (30° C.) 



Corrosion Rate, mdd. 

Material 

Air-saturated 

Air-free 


Acid 

Acid 

Monel. 

240 

40 

Stainless Steel (Type 304). 

2 

300 


Strong oxidizing agents that accelerate the acid corrosion of Monel 
and nickel retard the corrosion of Inconel. This is illustrated by the per¬ 
formance of the three materials in nitric acid solutions, as shown in 
Table D-8. 


TABLE D-8 


Corrosion of MoneL Nickel and Inconel by Nitric Acid 
at Atmospheric Temperature 


Material 

Acid Concentration 
per cent 

Corrosion Rate, 
mdd. 

Monel. 

35 

17,900 

8,180 

14 

Nickel. 

20 

Inconel. 

35 



Temperature 

The rate of corrosion tends to increase with rising temperature. 
Temperature also has a secondary effect through its influence on the 
solubility of air (oxygen), which is the most common oxidizing substance 
influencing corrosion. If all the air is boiled out of a dilute sulfuric acid 
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solution, the rate of corrosion of Monel will decrease considerably, 
while the rate of corrosion of a stainless steel may be increased consider¬ 
ably through the loss of the oxidizing substance (dissolved oxygen) 
needed to maintain its protective oxide film. This effect with respect to 
Monel is illustrated in Figure D-l and the difference in behavior between 
Monel and a stainless steel is shown by the data presented in Table D-9. 

1000 

900 

800 

. 700 

■O 
~a 

E 600 
<D 
03 

500 

c 

8 400 

v_ 

W 

° 300 
200 

100 
0 

20 30 40 50 60 70 80 90 100 110 120 

Temperature in Degrees Centigrade 
68 86 104 122 140 158 176 194 212 230 248 

Temperature in Degrees Fahrenheit 

Fig. D-l — Effect of temperature on corrosion of Monel in sulfuric acid. 
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It should be noted that the effect of rising temperature in causing an 
abnormal increase in the rate of corrosion of a stainless steel, as indicated 
in Table D-9, is confined to reducing corrosive solutions such as sulfuric 
and hydrochloric acids. In oxidizing acid solutions, such as nitric acid, no 
similar abnormal effect of temperature is observed. This is shown by the 
data given in Table D-10. 
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TABLE D-9 


Effect of Temperature on the Corrosion of Monel and a Stainless 
Steel Containing 18 per cent Chromium and 14 per cent 
Nickel by Aerated 5 per cent Sulfuric Acid 


Temperature 

Corrosion Rate, mdd. 

° F. 

° C. 

Monel 

18-14 Stainless Steel 

86 

30 

255 

40 

113 

45 

385 

795 

140 

60 

572 

1260 

158 

70 

677 

2000 

199 

93 

584 

1540 

214 

101 

67 


Boiling 

Boiling 

25 



TABLE D-10 

Effect of Temperature on the Corrosion of 18-8 Stainless Steel 
by Aerated 5 per cent Nitric Acid 


Temperature 

Corrosion Rate, mdd. 

° F. 

°C. 

86 

30 

0.02 

140 

60 

0.2 

194 

90 

0.3 


Temperature may have another secondary effect by increasing the 
solubility of protective corrosion products, as in the case of lead in 
hydrochloric acid. Lead chloride is insoluble and protective in the cold, 
but it is soluble and non-protective in hot acid. This effect is illustrated 
by the data given in Table D-ll. 


TABLE D-ll 

Effect of Temperature on the Corrosion of Lead 
by 10 per cent Hydrochloric Acid 


Temperature 




Corrosion Rate, mdd. 

°F. 

°C. 


77 

25 

95 

212 

100 

1230 


In addition to the effect of temperature on the solubility of corrosion 
products, there may be other effects, such as changes in the physical 
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nature or the chemical composition of these products, which may make 
them considerably more or less protective. An example is provided by the 
behavior of zinc in distilled water, where the characteristics of the cor¬ 
rosion product change with increasing temperature so that they lose their 
protective value within one range of temperature (from 120° to 200° F.) 
and regain it at high temperatures. 3 

In some cases, a rising temperature may cause the precipitation of 
protective coatings on metallic surfaces, as in the case of waters contain¬ 
ing calcium sulfate and calcium carbonate. 

In general, Monel, nickel and Inconel tend to corrode faster at ele¬ 
vated temperatures, provided other conditions, such as acidity and the 
presence of oxidizing substances, favor corrosion. 


Effect of Velocity (Agitation) 

An increase in the velocity of relative movement between a corrosive 
solution and a metallic surface tends to accelerate corrosion. This effect 
is due to the higher rate at which the corrosive chemicals, including oxi¬ 
dizing substances (air), are brought to the corroding surface and to the 
higher rate at which corrosion products, which might otherwise accumu¬ 
late and stifle corrosion, are carried away. The higher the velocity, the 
thinner will be the films through which corroding substances must pene¬ 
trate and through which soluble corrosion products must diffuse. 

The general effect of velocity is illustrated by the behavior of Monel 
in dilute sulfuric acid as shown by Figure D-2 4 . 

Whenever corrosion resistance results from the accumulation of layers 
of insoluble corrosion products on the metallic surface, the effect of high 
velocity may be either to prevent their normal formation, or to remove 
them after they are formed. Either effect allows corrosion to proceed un¬ 
hindered. This occurs frequently in small diameter tubes or pipes through 
which corrosive liquids may be circulated at high velocities (e.g. con¬ 
denser and evaporator tubes), in the vicinity of bends in pipe lines, and 
on propellers, agitators and centrifugal pumps. Similar effects are asso¬ 
ciated with cavitation erosion, which is discussed in Section H. 

An example of the effect of velocity in removing or preventing the 


a Effect of Temperature on the Corrosion of Zinc. G. L. Cox. Ind. Eng. Chem., 23. 
902-4 (1931). 

~ « Controllable Variables in the Quantitative Study of the Submerged Corrosion of Metals. 
O. B. J. Eraser, D. E. Ackerman and J. W. Sands. Ind. Eng. Chem. 19, 332-8 (1927). 
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Fig. D-2 —Effect of velocity on corrosion of Monel in sulfuric acid. 

formation of protective corrosion product films is provided by the be¬ 
havior of steel in concentrated sulfuric acid. Progressive corrosion at low 
velocities is prevented by the development of protective corrosion-product 
films, whereas at high velocities, rapid corrosion may occur as shown in 
Table D-12. 



1 

— i i i 

EFFECT OF VELOCIT 

1- 

r 


M 

ONEL 

A 

f 1 JiM 1 1 IIVI^C li\J 

IN 5 
IR-SA1 

R 

PER C 
rURAT 

oom Te 

ENT S 
ED SO 
mperatu 

ULFUf 

LUTIO 

re 

«C AC 
»N 

ID 



















— 

• 


• 

• 


/ 








J 

















TABLE D-12 


Effect of Velocity on the Corrosion of Steel by 98 per cent 
and 100 per cent Sulfuric Acid at 77° F. (25° C.) 



Corrosion Rate, mdd. 


First 48 Hr. 

Second 48 Hr. 

Velocity 





ft. per sec. 

98 per cent 

100 per cent 

98 per cent 

100 per cent 


Acid 

Acid 

Add 

Acid 

0 

115 

1090 

60 

0 

0.3 

1200 

1250 

240 

0 

2 

980 

3800 

710 

16,300 
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Monel, nickel and Inconel do not depend for their corrosion resistance 
on thick films of corrosion products that are likely to be wiped off at high 
velocities. Consequently, these materials often perform to best advantage 
under velocity conditions that will not permit other materials to retain 
the corrosion-product films upon which their corrosion resistance depends. 


Eiiect of Films 

Once corrosion has been started, its further progress very often is 
controlled by the nature of films, such as the passive films discussed pre¬ 
viously, that may form, or accumulate, on the metallic surface. Insoluble 
corrosion products may be completely impervious to the corroding liquid, 
and, therefore, completely protective; or they may be quite permeable 
and allow local or general corrosion to proceed unhindered. Films that 
are non-uniform, or discontinuous, may tend to localize corrosion in par¬ 
ticular areas, or to induce accelerated corrosion at certain points by 
initiating electrolytic effects of the concentration cell type, to be dis¬ 
cussed later. Films may tend to retain, or absorb, moisture and thus, by 
delaying the time of drying, increase the extent of corrosion resulting 
from exposure to the atmosphere or to corrosive vapors. 

It is agreed generally that the characteristics of the rust films which 
form on steels determine their resistance to atmospheric corrosion. The 
rust films that form on nickel steels are more protective than those that 
form on unalloyed steel, as is illustrated by the data shown in Table D-13. 

TABLE D-13 

Effect of the Protective Characteristics of Rust Films on Unalloyed 
Steel and 2 per cent Nickel Steel Exposed to the 
Atmosphere at Bayonne, N. J. Specimens 
were pickled before exposure 


Duration of Exposure of Specimen, days 

Corrosion Rate, mdd. 

Unalloyed Steel 

2 per cent Nickel Steel 

772. 

16 

9 

1406. 

11 

5 

634 (between 772 and 1406)*. 

7 

3 


* Calculated by subtracting weight loss of specimens exposed for 772 days from weight 
loss of identical specimens exposed for 1406 days. 
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In addition to films that originate at least in part in the corroding 
metal, there are others that originate wholly in the corrosive solution. 
These include various salts, such as carbonates and sulfates, which may 
be precipitated from heated solutions, and insoluble compounds, such as 
“beer stone/’ which form on metal surfaces in contact with certain spe¬ 
cific products. In addition, there are films of oil and grease that may 
protect a material from direct contact with corrosive substances. Such oil 
films may be applied intentionally, or may occur naturally, as in the case 
of metals submerged in sewage, or equipment used for the processing of 
oily substances. 

The effect of oil in reducing corrosion is illustrated by the data shown 
in Table D-14. 

TABLE D-14 

Effect of Oil in Reducing Corrosion of Monel 
by Concentrated Sulfuric Acid 

Condition of Exposure | Corrosion Rate, mdd. 

In 93 per cent Sulfuric Acid at 86° F. (30° C.), no oil 

present. 675 

In 93 per cent Sulfuric Acid at 86° F. (30° C.), mixed 
with cod liver oil during sulfonation process. 10-15 


Although Monel, nickel and Inconel are protected occasionally by 
thin films of corrosion products, especially oxides, they are usually able 
to resist corrosion without the assistance of such films and therefore are 
not likely to suffer serious losses in corrosion resistance if conditions 
should not favor the formation and retention of coatings. 

Inhibitors 

It is fairly common practice to mitigate corrosion, especially of iron 
and steel, by adding to a corrosive solution a small quantity of some 
organic or inorganic substance that can retard or suppress the ordinary 
corrosion reactions. The mechanisms by which such corrosion inhibitors 
function vary from case to case and include effects on either the anodic 
or cathodic phases of corrosion reactions. 

Sodium dichromate is a typical inorganic inhibitor that is used to 
protect iron and steel from corrosion by brines in refrigeration systems 
and by water in air-conditioning systems. Its effect is illustrated by the 
data in Tables D-15 and D-16. 
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One of the commonest uses of organic inhibitors is to control the cor¬ 
rosion of steel during acid pickling operations. The inhibitors used for 
this purpose also suppress corrosion of Monel which is used for pickling 
equipment. These effects of organic inhibitors are illustrated by the data 
in Table D-17. 


TABLE D-15 

Effect of Sodium Dichromate Inhibitor in Reducing Corrosion 
in Typical Calcium Chloride Refrigerating Brine 


Material 

Corrosion Rate, mdd. 

With Inhibitor 

Without Inhibitor 

Cast Iron. 

2 

34 

Monel. 

0.15 

2 

Nickel. 

0.15 

0.48 

Inconel. 

0.16 

0.19 


TABLE D-16 

Effect of Sodium Dichromate Inhibitor in Reducing Corrosion of 
Copper-Bearing Steel in Re-circulated Water Used in Air 
Washer in Air-conditioning System in New York City 5 


Corrosion Rate, mdd. 


With Inhibitor 

Without Inhibitor 

0.4 

179 


TABLE D-17 

Effect of Organic Inhibitors in Reducing Corrosion of Steel 
and Monel by 5 per cent Sulfuric Acid at 
180° F. (83° C.), as Used for Pickling 



Corrosion Rate, mdd. 

Material 





Without 

With Organic 

With Organic 


Inhibitor 

Inhibitor A 

Inhibitor B 

Mild Steel. 

167,700 

20,240 

1,128 

Monel. 

500 

295 

78 


5 The Control of Corrosion in Air-Conditioning Equipment by Chemical Methods. C. M. 
Sterne. Proc. Am. Soc. Testing Materials. 35, Part II, 26, (1935). 
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While the inhibitors that are commonly used to reduce the corrosion 
of ordinary iron and steel have a similar effect on the corrosion of Monel, 
nickel and Inconel, the use of inhibitors to protect these latter materials 
is not common. An exception is the use of sodium silicate to inhibit the 
corrosion of Monel by solutions containing free chlorine, such as sodium 
hypochlorite. Small additions of sodium silicate are very effective for this 
purpose, as is indicated by the data in Table D-18. 

TABLE D-18 

Effect of Sodium Silicate in Inhibiting Corrosion of Monel by a 
Sodium Hypochlorite Solution Containing 6 gm. per liter 
of Available Chlorine at Atmospheric Temperature 


Corrosion Rate, mdd. 


With Inhibitor 

Without Inhibitor 


1.5 

59 



Concentration Cells 

Metal-Ion Cells 

The tendency of a metal to go into solution is influenced by the con¬ 
centration of ions of that metal in the solution in immediate contact with 
the metallic surface. The lower the metal-ion concentration, the greater is 
the tendency for the metal to dissolve, or in other words, the higher will 
be its solution potential as measured in volts. If conditions are such that 
the concentration of metal ions in a solution at one point on a metallic 
surface is appreciably different from the concentration of the metal ions 
at another point, the resulting difference in potential will cause an electric 
current to flow between the two points. The direction of this current flow 
will be from the metal to the solution, at the point where the metal-ion 
concentration is low, and from the solution to the metal at the point where 
the metal-ion concentration is high. A simple cell of this type, such as 
might be set up experimentally, is illustrated diagrammatically in Fig. D-3. 
A porous cup is used to prevent the two solutions from mingling, but 
does not interfere with the flow of current which will cause corrosion 
where the current leaves the metal to enter the solution, that is, in the 
region of low metal-ion concentration. 

The magnitude of the theoretical potential differences that may be 
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To Millivoltmeter 
or Milliammeter 



Fig. D-3 —Experimental metal-ion concentration cell. 


developed in copper-ion concentration cells, and some actual values de¬ 
termined experimentally, 6 are shown in Table D-19. 

In practice, concentration cells of the metal-ion type may be associ¬ 
ated with differences in velocity between two points on a metallic surface. 
Under such circumstances, metal ions in corrosion products may be re¬ 
moved continuously at one point, while they may accumulate at another. 


6 From University of Pittsburgh, Graduate School Thesis by K. D. Dodds, 1922; The 
Concentration-Cell Corrosion of Monel. See also R. J. McKay, University of Pittsburgh, 
Annual Report to Mellon Institute of Industrial Research, 1921; Corrosion of Monel in 
Pickling. Trans. Am. Electrochem. Soc. 41, 201 (1922). 
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TABLE D-19 

Comparison Between Actual and Theoretical Potentials 
of Copper-Ion Concentration Cells 


Concentration of Copper 
in Solution in Contact 
With Copper Anode 

Concentration of Copper 
in Solution in Contact 
With Copper Cathode 

Potential Difference, v. 

Calculated 

Observed 

0.01 N. 

0.1 N. 

0.028 

0.031 

0.001 N. 

0.1 N. 

0.058 

0.059 

0.0001 N. 

0.1 N. 

0.092 

0.099 


Another example is the accumulation of metal salts along tie rods 
imbedded in acid-soaked, wooden pickling tanks, and the simultaneous 
removal of similar metal salts by acid which may leak through joints 
between the timbers, or splash over the threaded ends of the rods where 
they project through the wood. Under such conditions, metal-ion con¬ 
centration cells will cause accelerated corrosion in the regions of low 
metal-ion concentration, that is, in the vicinity of the timber joints and 
on the exposed ends of the rods. Such corrosion will proceed at a rate 
greatly in excess of that which would result from immersion of the whole 
rod in the acid solution in the tank. The effect is shown diagrammatically 
in Fig. D-4, and is illustrated by the data in Table D-20 obtained from 
tests by R. J. McKay* using an apparatus similar to that shown in 
Fig. D-4, and under conditions where the original copper-ion concentra¬ 
tion of the 6 per cent sulfuric acid in the porous cup was zero and where 
the copper-ion concentration in a similar acid solution outside the cup 
was varied from 0 to 0.3 molal, or about 19.1 grams per liter. The tem¬ 
perature of test was about 176° F. (80° C.). 


TABLE D-20 

Results of Copper-Ion Concentration Cell Tests in 6 per cent 
Sulfuric Acid at 176° F. (80° C.) 



Copper-Ion Concentration, molal 

Corrosion Rate 
of Specimen in 
Porous Cup, mdd. 


Material in 
Both Solutions 

In Porous 

Cup 

In Solution 
Outside Porous 
Cup 

Potential 
Difference, v. 

Monel. 

0.0 

0.0 

0.3 

150 

6236 

0.00 

0.15 

Monel. 

0.0 



* Private communication. 
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Bath 



Stagnant Solution 

Fig. D-4 —Concentration cell attack of acid on a pickling-tank tie rod. 

It should be noted that the corrosion-accelerating effect of metal-ion 
concentration cells is not peculiar to copper-ion cells nor to Monel. In 
fact, alloys of higher copper content than Monel are affected even more. 
Under testing conditions similar to those covered by Table D-20, the rate 
of corrosion of Monel (30 per cent copper) was 4030 mdd., and of an 
aluminum bronze (90 per cent copper), 7490 mdd. 

Oxygen Cells 

Oxygen concentration cells are similar in nature to metal-ion cells. 
A metal or alloy may be in contact with a solution under conditions where 
the concentration of dissolved oxygen at one point is considerably greater 
than at some other point on the same metallic surface. A simple cell of 
this type, which may be set up experimentally, is illustrated diagram- 
matically in Fig. D-5. As in the case of the experimental metal-ion cell, 
a porous cup is used to separate the air-saturated solution from the air- 
free solution. The flow of current is from the metal to the solution at the 
point of low-oxygen concentration, and from the solution to the metal at 
the point of high-oxygen concentration. This flow of current will cause. 
corrosion of the metal where the current enters the solution, that is, in 
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To Millivoltmeter 
or Milliammeter 



the nitrogen-saturated (oxygen-free) solution in the experiment illus¬ 
trated. 

Oxygen cells and metal-ion cells often oppose each other. In many 
cases, especially with copper and high-copper alloys, an oxygen concen¬ 
tration cell may be initiated, and, through its effect, bring about an 
increase in the metal-ion concentration in the vicinity of the original 
anodic areas so that finally a metal-ion cell will be set up with a potential 
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in the opposite direction. The result will be to reduce, or eliminate, the 
corrosive effect of the oxygen concentration cell. 

Metals differ in their response to the effects of concentration cells. In 
the case of oxygen cells, the behavior may be complicated by the passi¬ 
vating effect of oxygen. For example, if a metal or alloy depends upon an 
oxide film for its corrosion resistance, and if an oxygen cell gets started, 
the absence of oxygen at the points which become anodic precludes the 
repair of the passive film in this region. Subsequently, the original simple 
oxygen cell will become overshadowed in importance by the considerably 
more powerful cell set up between the established anodic areas and the 
surrounding metal where the passive film is kept intact, and where the 
available oxygen will serve also to promote the corrosion reaction by its 
effect as a depolarizer in reacting with hydrogen. These active:passive 
cells, which may be considered as oxygen concentration cells of a par¬ 
ticularly aggressive form, may develop, under favorable conditions, 
potentials as high as 500 mv. or more on materials like stainless steel. 
Pits result from the action of cells of this type. 

Oxygen concentration cells may initiate pitting in almost any metal 
or alloy, under loosely attached, porous materials which shield the under¬ 
lying metal from free contact with a solution, especially if the main body 
of the solution is in motion. Similarly, crevices between overlapping 
metallic surfaces may become the sites of anodic areas with resulting 
severe corrosion in the crevices. For this reason, cracks or crevices should 
be avoided in the fabrication of corrosion-resisting equipment. 

Solutions containing chlorides, or other halides, are most active in 
causing local breakdown of passive films, and, therefore, are most likely 
to be associated with pitting due to oxygen concentration cells or to 
active:passive cells. 

A more detailed description of concentration cells is given in “Cor¬ 
rosion Resistance of Metals and Alloys ,, by R. J. McKay and R. Worth¬ 
ington. 7 

7 A. C. S. Monograph. No. 71. Reinhold Publishing Corporation, New York, N. Y., 1936. 
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INCIDENTAL FACTORS INFLUENCING 
CORROSION RESISTANCE 

Effect of Surface Condition 

In most applications, the condition of the metallic surface has less 
influence upon ultimate corrosion resistance than the major factors of 
the environment discussed earlier in this Section. In the case of most 
metals and alloys, the condition of the surface, that is, whether rough or 
very smooth, seldom produces more than a temporary effect on corrosion. 
This is especially the case with severely corrosive solutions. 

The following data in Table D-21 demonstrate that a highly finished 
surface may show a relatively low initial corrosion rate, but that after a 
few hours the rate increases to a value more nearly normal for the con¬ 
ditions of exposure. The rates of corrosion of the mirror and fine-grind 
finishes after 16 to 20 hours are somewhat lower than the corresponding 
rate for the pickled finish because these rates include the low initial rate. 


TABLE D-21 

Effect of Surface Condition on the Rate of Corrosion of Monel 
in Aerated 5 per cent Sulfuric Acid at 86° F. (30° C.) 


Finish 

Corrosion Rate, mdd. 

2 hr. Test 

16-20 hr. Test 

Mirror finish. 

49 

207 

Fine-grind finish. 

48 

212 

Pickled finish. 

277 

298 


The ultimate rates of corrosion of metals or alloys inherently resistant 
to corrosion, for example, Monel and nickel, are affected less by surface 
conditions than are those of materials that require the production and 
maintenance of passive films. Alloys of the latter type, of which the stain¬ 
less steels are good examples, exhibit better corrosion resistance in most 
environments if their surfaces be highly polished. A high polish reduces 
the probability of passive film break down, but does not reduce the cor¬ 
rosive effects once film break down has occurred. In fact, there is evidence 
to indicate that while the number of pits on a polished surface may be 
fewer, their depth may be greater than on a pickled surface. Often, pre¬ 
vention of the break down of the passive films is effected by frequent 
cleaning and repolishing of the surface of these alloys. 
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The restoration or repair of a passive film proceeds more rapidly on 
a smooth than on a rough surface. 

A smooth surface may have secondary favorable effects by reason of 
the greater ease with which it may be kept clean, and free from adherent 
foreign matter which might otherwise promote localized corrosion. 

Effect of Stress 

This consideration requires differentiation between residual stresses 
resulting from manufacturing and fabrication processes and stresses im¬ 
posed during use. The former are stresses that may be present internally 
in cold-rolled, cold-drawn, or cold-formed metal, while the latter includes 
stresses that may be set up in operating equipment. Operating stresses 
may involve either steadily applied loads or, as in the case of springs and 
rotating shafts, loads that change in magnitude and direction at a low 
or high frequency. The latter sometimes result in failure from fatigue, 
which may be aggravated by corrosion so as to bring about corrosion 
fatigue. The phenomenon of corrosion fatigue is discussed in Section H. 

That stress may influence corrosion is demonstrated by such a strik¬ 
ing example as the intercrystalline corrosion that occurs when lead is 
stressed highly in a corrosive environment. The reappearance on metal 
of stamped identification numbers which have been obliterated by filing, 
but which become visible by more rapid corrosion when the metal is 
treated with an etching reagent is another example. 

Other common examples of corrosion connected with stress are the 
season cracking of brass, the stress corrosion of austenitic chromium- 
nickel steels in certain media such as acid chlorides, and the embrittle¬ 
ment of steel by alkaline solutions. These phenomena occur only under 
special conditions and usually involve certain specific corrosive solutions. 
They can be avoided by control either of the stresses, or of the corrosive 
media. Such control has been aided by the information developed in 
numerous investigations of the phenomena which need not be reviewed 
here. 

Experience with Monel, nickel and Inconel used under stress in a 
great variety of services has shown that these materials are not subject 
to season cracking. Stress-corrosion cracking has been observed only in 
a few specific solutions, such as salts of mercury, and fused caustic soda. 
No caustic embrittlement of these materials has been encountered in 
concentrations of caustic soda under 75 per cent, and embrittlement by 
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fused caustic can be avoided by annealing the metal prior to exposure. 

It is generally, though erroneously, believed that metals under stress 
are invariably more susceptible to corrosion than when they are in an 
unstressed or annealed condition. In this connection, a distinction must 
be made between uniformly distributed stresses and local stresses. In 
many environments, high stresses, so long as they are uniform and are 
not accompanied by physical transformation, do not impair corrosion 
resistance. This is illustrated by the data shown in Fig. D-6. 

In the case of Monel, nickel and Inconel it has been found that a 
high stress tends to increase corrosion only in oxidizing acid solutions, 
with which these materials are not used frequently. In such solutions, it is 
probable that the highly stressed material will be less noble than the 
annealed material and that in cases where the stress distribution is not 
uniform, the corrosion of the highly stressed area will be accelerated by 
galvanic effects between the stressed and unstressed portions. In other 
solutions, where stress has little effect on corrosion, the direction of the 
potential difference between stressed and unstressed material is not con¬ 
stant and such local galvanic effects are probably not important. 

In considering the galvanic aspects of stress corrosion, it is necessary 
to take into account the effects of relative areas as discussed in detail 
later in this Section. It will suffice to state here that a small area of high 
stress on a piece of annealed metal is likely to be more troublesome than 
a small annealed area, as in the vicinity of a weld, on a piece of cold- 
worked metal. 

Another important effect of stresses is associated with cold-drawn 
tubing in certain service, such as evaporator tubes or heat-transfer coils 
in general. The stresses are usually non-uniform around the circumfer¬ 
ence of the tubes and they often approach the yield strength of the 
material. In service, if there are vibration or thermal changes, the tubing 
may crack longitudinally to relieve these stresses. This cracking can be 
avoided by proper annealing, frequently referred to as a a stress-relief 
anneal.” It is not a softening anneal but rather an equalizing of the non- 
uniform stresses which reduces the maximum internal stress. The temper¬ 
ature and time to accomplish this may vary with different metals, but 
experience shows that a temperature of 1000° F. for y 2 to 1 hr. for Monel 
and nickel, and 1200° F. for y 2 to 1 hr. for Inconel, result in at least 75 
per cent reduction in internal stress with only about 10 to 15 per cent 
reduction in strength and hardness. (See Section M.) Tubing so annealed 
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can be rolled in tube sheets, but cannot be coiled. For coiling, fully 
annealed material should be specified. 

The effects of stress itself are sometimes complicated by incidental 
factors, such as surface rupturing and Assuring, which may accompany 
the application of stress, as in the case of shearing operations. Such 
distortion of a metal surface may promote corrosion by providing condi¬ 
tions favorable to concentration-cell action, as discussed earlier in this 
Section. In such cases, elimination of the stress by annealing will not 
suffice to prevent local corrosive attack; it will be necessary, instead, to 
remove the layer of ruptured or fissured metal in some finishing opera¬ 
tion, as by grinding. 

Effect of Heat Treatment 

This discussion refers to effects of heat treatment other than stress¬ 
equalizing annealing. 

The relationship between heat treatment and corrosion resistance is 
most important in those alloys that undergo physical transformations on 
heating or cooling, and where the development of separate and distinct 
phases or compounds is controlled by such treatment. An example is 
provided by the cutlery grades of ferritic stainless steel. When these are 
in the annealed state, the precipitated carbides deprive the surrounding 
ferrite of sufficient chromium to impair corrosion resistance. When hard¬ 
ened by quenching, the carbides are retained in solution and are not 
re-precipitated so as to impair corrosion resistance except at high- 
tempering temperatures (1000° F.). Consequently, with this alloy, maxi¬ 
mum corrosion resistance is associated with the quenched and properly 
tempered states, and minimum corrosion resistance with the annealed 
condition. 

Certain austenitic stainless steels are also subject to carbide pre¬ 
cipitation, which may impair their corrosion resistance in the vicinity of 
the carbides which usually occur at grain boundaries. Prevention thereof 
can be accomplished by proper heat treatment to retain carbon in solid 
solution in the matrix, by lowering the carbon content, or by the addi¬ 
tion of such stabilizing elements as columbium or titanium. 

In the case of simple, single-phase, solid-solution alloys like Monel 
and Inconel, that undergo no structural transformations on heating or 
cooling, there is no important effect of heat treatment on corrosion 
resistance. 


• 26 • 








CORROSION RESISTANCE 


The age-hardening alloys, “K”* Monel and “Z”* Nickel, do not 
suffer local attack or loss in corrosion resistance when age-hardened, be¬ 
cause the submicroscopically dispersed, precipitated phases producing 
hardness are not composed of elements that are vital to the corrosion 
resistance of the parent metal. 

The data of Table D-22 show that age-hardened “Z” Nickel is fully 
as resistant to corros’on as either the non age-hardened material or nickel. 


TABLE D-22 

Corrosion of Nickel and "Z" Nickel Totally Immersed 
in Caustic Soda and Salt Solutions 


Material 

Condition 

Corrosion Rate, mdd. 

50 per cent Caustic Soda 
No Aeration nor Agitation, 
at 300° F. (149° C.) 

2 Day Test ^ 

3K per cent Aerated and 

Agitated Sodium Chloride 
at 86° F. (30° C.) 

28 Day Test 

“Z M Nickel. . 

Annealed. 

12 

2 

“Z” Nickel. . 

Age-hardened. . 

11 

2 

Nickel. 

Annealed. 

10 

3 


Experience has shown also that the age-hardening of “K” Monel 
does not affect its corrosion resistance. The data of Table D-23 permit 
comparison between age-hardened “K” Monel and Monel. With the 
exception of behavior in ammonia solutions there is no substantial differ¬ 
ence between the corrosion resistance of the two materials. 


TABLE D-23 

Corrosion of "K" Monel and Monel in Several Corrosive Media 


Corrosion Rate, mdd. 


Material 

In Unaerated 

11 per cent 
Ammonia at 
75°F. (24°C.) 

1 Day Test 

In 16 per 
cent Aerated 
Calcium 

In Aerated Sodium 
Chloride at 70° F. 
28 Day Test 

In Unaerated 
50 per cent 
Caustic Soda 
at 76° F. 

4 Day Test 

In Aerated 

5 per cent 
Sulfuric Acid 
at 76° F. 

3 Day Test 


Chloride at 
70° F. (21°C.) 
28 Day Test 

3 

per cent 
solution 

25 

per cent 
solution 

“K” Monel, 
age-hardened 

72 

33 

12 

3 

3 

240 

Monel. 

2600 

49 

13 

4 

3 

233 
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Effect of Welding 

In the welding of solid, corrosion-resisting materials, a filler rod of 
substantially the same material is used; therefore, basically, the weld 
metal has the same inherent corrosion-resisting properties as the parent 
metal. The difference in physical structure between the weld metal 
(which may be considered to be similar to a casting) and the parent metal 
is not sufficient, in correctly made welds, to cause any significant differ¬ 
ence in corrosion resistance. Of much greater importance are the selection 
of the proper welding rod and coating and the technique of depositing the 
weld metal to produce sound welds and avoid such defects as gas pockets, 
laps, under-cutting and excessive nonmetallic (slag) inclusions. Fre¬ 
quently these defects will initiate localized corrosion, which usually 
becomes evident in the form of pitting. 

When dealing with alloys that are subject to loss in corrosion resist¬ 
ance as a result of exposure to temperatures reached in welding, any 
structural transformation that occurs may impair corrosion resistance in 
the vicinity of the welds. Carefully controlled welding procedure, and 
heat treatment of the unit after welding (Section M), are means em¬ 
ployed to insure maximum corrosion resistance. Nickel, Monel, and 
Inconel do not require any special thermal treatment because of their 
freedom from detrimental effects when exposed to welding temperatures. 

Welds of Monel, nickel and Inconel when properly made are com¬ 
parable with the rolled material in corrosion resistance. In order to 
determine the corrosion resistance of weld metal as compared with the 
parent sheet, the following test was made. Monel was welded with the 
metal arc and some buttons representing only deposited metal were cut 
from the weld. These and samples of the parent sheet were exposed to 
the action of a sulfuric acid solution. The data obtained are given in 
Table D-24. 


TABLE D-24 

Corrosion of Monel Arc Welds Totally Immersed in Aerated 
5 per cent Sulfuric Acid for 166 hr. at 86° F. (30° C.) 


Material 

Corrosion Rate, mdd. 

M«nel sheet. 

330 

Mosel weld (metal-arc). 

290 
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In another test both Monel and nickel carbon-arc welds, made in the 
same manner as above, were compared with the parent sheet metal. The 
results are given in Table D-25. 


TABLE D-25 

Corrosion of Monel and Nickel Carbon-arc Welds in Aerated 
5 per cent Sulfuric Acid for 20 hr. at 86° F. (30° C.) 


Material 

Corrosion Rate, mdd. 

Monel sheet. *. . 

241 

Monel welds (carbon-arc). 

215 

Nickel sheet. 

430 

Nickel welds (carbon-arc). 

408 



The welding of clad materials with filler rods having a composition 
similar to that of the cladding must be accompanied by dilution of the 
weld metal with iron from the steel base metal. Under certain conditions, 
too much iron dilution can decrease the corrosion resistance of the weld 
metal as compared to that of the cladding. Selection of proper cladding 
thickness with relation to the thickness of the base plate, combined with 
proper welding technique, will reduce iron dilution to a safe value. Prac¬ 
tical experience in the metal-arc welding of nickel-clad steel with nickel 
electrodes, and of Inconel-clad steel with electrodes made of an alloy 
containing 80 per cent nickel and 20 per cent chromium, in applications 
where they are recommended, have shown that the welds have corrosion 
resistance comparable with the cladding. The data of Tables D-26 and 
D-27 are significant. 


TABLE D-26 

Corrosion of Nickel and Inconel with Added Iron to Simulate 
Iron-diluted Weld Metal in Aerated and Agitated 
16 per cent Calcium Chloride Brine for 
100 Days at Room Temperature 


Material 

Corrosion Rate, mdd. 

Nickel. 

4.2 

95 per cent Ni, 5 per cent Fe. 

2.2 

90 per cent Ni, 10 per cent Fe. 

2.6 

80 per cent Ni, 20 per cent Fe. 

3.4 

Inconel. 

1.1 

76 per cent Ni, 10 per cent Fe, 14 per cent Cr. 

68 per cent Ni, 20 per cent Fe, 12 per cent Cr. 

1.9 

2.0 
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TABLE D-27 

Corrosion of Monel with Added Iron to Simulate 
Iron-diluted Welds at Room Temperature 


Material 

Corrosion Rate, mdd. 

In 8.5 per cent 
Aerated and Agitated 
Sulfuric Acid 

In Aerated 5 per 
cent Hydrochloric 
Acid 

In Aerated 5 per cent 
Nitric Acid 

Monel. 

205 

508 

399 

Monel + 5 per cent Fe. 

222 

559 

548 

Monel +10 per cent Fe. 

231 

553 

539 

Monel+20 per cent Fe. 

209 

592 

642 
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GALVANIC CORROSION 
Definition 

4 Galvanic corrosion may be defined as accelerated electrochemical 
corrosion produced when one metal is in electrical contact with another 
more noble metal, both being in the same corroding medium, or electro¬ 
lyte. Corrosion of this type results usually in a higher rate of solution 
of the less noble metal and protection of the more noble metal. During 
the corrosion process an electric current is generated by the two metals 
in contact, the magnitude of this current being equivalent to the accelera¬ 
tion of the corrosion of the more vulnerable material beyond its normal 
extent. The general reaction is similar to that of a miniature cell, or 
battery, from which a finite amount of electrical power may be derived. 
The simplest and best known example of such a galvanic cell is the one 
composed of strips of zinc and copper joined by a metallic conductor and 
immersed in a dilute solution of sulfuric acid. It is well known that in 
this cell the less noble zinc strip suffers accelerated corrosion while the 
more noble copper is virtually unattacked. 

Galvanic Series 

With a knowledge of the galvanic behavior of metals and alloys, it 
is possible to set up a series which will indicate the tendencies of metals 
and alloys to form galvanic cells and to predict the probable direction of 
the galvanic effects. Such a series is provided by Table D-28. 

Table D-28 is based on experiences in corrosion testing, both in the 
laboratory and under actual operating conditions in numerous corrosives 
and on practical results with metals and alloys in service. This series is 
not to be confused with the theoretical “Electromotive Series” (Table 
D-l) so well known and used frequently in physical chemistry and ther¬ 
modynamic fundamentals. It has basic characteristics which make it 
analogous to the “Electromotive Series,” but it takes into consideration 
over-all and practical aspects in addition to theoretical principles. 

In Table D-28, metals that are grouped together have no strong 
tendency to produce galvanic corrosion on each other, and from the 
practical standpoint are relatively safe to use in contact with each other. 
The coupling of two metals from different groups and distant from each 
other in the list will result in galvanic, or accelerated, corrosion of the 
one higher in the list. The farther apart the metals stand r the greater 
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TABLE D-28 

Galvanic Series of Metals and Alloys 
Corroded End (anodic, or least noble) 


Magnesium 
Magnesium alloys 

Zinc 

Aluminum 2S 

Cadmium 

Aluminum 17ST 

Steel or Iron 
Cast Iron 

Chromium-iron (active) 

Ni-Resist* 

18-8 Chromium-nickel-iron (active) 
18-8-3 Chromium-nickel-molybdenum- 
iron (active) 

Lead-tin solders 

Lead 

Tin 

Nickel (active) 

Inconel (active) 

Brasses 

Copper 

Bronzes 

Copper-nickel alloys 
Monel 

Silver solder 

Nickel (passive) 

Inconel (passive) 

Chromium-iron (passive) 

18-8 Chromium-nickel-iron (passive) 
18-8-3 Chromium-nickel-molybdenum- 
iron (passive) 

Silver 

Graphite 

Gold 

Platinum 


Protected End (cathodic, or most noble) 


* Reg. U. S. Pat. Off. 


m 
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will be the galvanic tendency, as may be determined by measurement of 
the electrical potential difference between them. It is not practical to 
tabulate voltage values for combinations of the metals because these 
will vary with every different corrosive condition. What actually deter¬ 
mines galvanic effect is the quantity of current generated, which may 
be measured in amperes or milliamperes, rather than the potential dif¬ 
ference measurable in volts or millivolts. 

Relative positions of metals within a group sometimes change with 
external conditions, but it is only rarely that changes occur from group 
to group. 

The chromium-iron and chromium-nickel-iron alloys, frequently 
change positions as indicated, depending upon the corrosive media, par¬ 
ticularly with respect to their oxidizing power and acidity, or to the 
presence of activating ions, such as halides. The positions occupied may 
be anywhere between the extremes indicated. Inconel, and occasionally 
nickel, behave in a similar manner, though the variations in their posi¬ 
tions are less frequent and less extensive. 

Factors Influencing Galvanic Corrosion 

The galvanic series indicates only the tendency of the several metals 
and alloys to set up galvanic corrosion. Actual corrosion cannot proceed 
unless there is a flow of electrical current. As in the case of ordinary 
corrosion, the ease with which this current can flow, and the magnitude 
of the current, are controlled by basic factors, the most important of 
which are described below. 

Conductivity of the Circuit 

There must be a complete circuit through the conducting metals and 
the solution. In view of the relatively low voltages involved, contact be¬ 
tween the two (or more) metals must be good. The metals themselves 
are such good conductors of electricity that the total resistance of the 
circuit is usually controlled principally by the resistance of the solution 
(and metal to metal contact, if this contact is poor). Appreciable gal¬ 
vanic corrosion need not be expected in distilled water which is a poor 
conductor. Ordinary tap water contains sufficient dissolved ionizable 
salts to make it moderately conductive, so that galvanic corrosion can 
occur. In the case of tap water and other relatively low-conductivity solu¬ 
tions, the galvanic influences are usually localized so that the less noble 
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metal (the anode) suffers most of its accelerated corrosion in a region 
in the immediate vicinity of the more noble metal (the cathode). Strong 
salt solutions, such as brines and sea water, and strong solutions of other 
chemicals, including acids and alkalies, are very good conductors, and 
under appropriate conditions galvanic corrosion can take place in them 
all. In these highly conductive solutions, galvanic corrosion is more likely 
to be distributed widely over the entire anode surface. Even in the case 
of thin films of condensed moisture, if dissolved salts or ionizable dis¬ 
solved gases are present, the circuit may be completed and galvanic 
corrosion will occur, although corrosion tends to be localized near the 
points of contact. 

Potential Between the Anode and the Cathode 

The position of metals in the galvanic series indicates qualitatively 
the tendency to create accelerated corrosion of the less noble metal 
(anode). The amount of current generated by the cell, which determines 
the magnitude of the corrosion, is influenced by the actual difference in 
potential between the two metals. Large differences favor a greater amount 
of corrosion. In the absence of other controlling factors, corrosion would 
vary directly with the voltage. However, the potential difference is often 
of lesser importance than other factors to be discussed. 

Polarization 

The effective potential difference between the anode and cathode may 
be reduced considerably by polarization which may occur at the anode 
through the accumulation of corrosion products, e.g., metallic ions which 
reduce the anode potential, or at the cathode through the deposition of 
hydrogen. 

General experience has shown that, of the two types of polarization, 
the accumulation of hydrogen, or cathodic polarization, is most often of 
controlling importance. If hydrogen is not removed from the cathodic 
surfaces, the electromotive force of the galvanic cell may fall to very 
low values and galvanic corrosion will approach zero. Dissolved oxygen 
is the most common and one of the most potent depolarizers. If present 
it will unite with the deposited hydrogen to form water, and the galvanic 
forces will continue to operate. An example is copper in contact with 
steel in sea water. In normal sea water containing dissolved air, galvanic 
corrosion proceeds under a potential difference of as much as O.S volt. 
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In air-free sea water, hydrogen polarization of the copper will reduce 
the"potential to the extent that galvanic corrosion will usually be in¬ 
significant. 

Cathodic depolarization is frequently of such influence on galvanic 
corrosion that the total corrosion of the anodic material is practically 
independent of the cathodic material, provided, of course, that the two 
metals stand definitely apart in the galvanic series. For example, iron 
in contact with copper, bronze, brass or Monel, is corroded at substan¬ 
tially the same rate. The typical data shown in Table D-29 illustrate 
this point. 

TABLE D-29 

Rate of Corrosion of Iron Coupled with Various Cathodes in 
Aerated 3 per cent Sodium Chloride Solution 
at 86° F. (30° C.) 


Area of anode (Iron). 0.14 sq. dm. 

Area of cathode. 3.3 sq. dm. 

Velocity of Movement of Specimens.18.5 ft./min. 


Cathode Material 

Weight Loss of Iron Anode, mdd. 

C' opp^t* . 

9630 

P ron 7(x . 

9670 

Brass . 

9430 

IVjnnpl . 

8460 




Relative Cathode and Anode Areas 

The ratio of exposed area of the corroding material (anode) to that 
of the protected material (cathode) does not influence the initial dif¬ 
ference in potential between the two. However, the quantity of current 
that is generated and the acceleration of corrosion associated with this 
current depend largely upon that ratio. A small anode and a large 
cathode tend to result in an increase in current density, i.e., a concen¬ 
tration of current on the anode, with a subsequent great increase in 
corrosion rate. 

Several investigations, such as those of W. G. Whitman and R. P. 
Russell 8 with neutral solutions, have shown that the increased corrosion 
of the anode above its normal rate in a good electrolyte is almost linearly 
proportional to the ratio of the sum of the areas of the anode and 

8 The Natural Water Corrosion of Steel in Contact with Copper. Ind. Eng. Chem. } 16, 
276 ( 1924 ). 
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cathode, and the area of the anode. This may be represented by the 
following equation: 

Rate of galvanic corrosion of iron = 

Area of iron + area of copper w . _ . A - . ,. 

---—-—-X Normal rate of corrosion of iron 

Area of iron 

The total area of iron and of copper must be considered because both 
metallic surfaces are available for depolarization which is essential if the 
corrosion reaction is to proceed. 

Whitman and Russell’s findings have been checked and extended by 
tests carried out as follows: 

Galvanic couples of ingot iron and rolled electrolytic copper were set 
up so that the exposed area of the iron in each couple remained constant 
(0.047 sq. dm.), while the areas of the copper specimens in the several 
couples were varied from 0.024 sq. dm. to 0.94 sq. dm. so as to cover a 
range of ratios of area of copper to area of iron from approximately 
0.5 to l*to 20 to 1. The iron specimens in the couples were mounted 
parallel to the copper specimens and were located about 1 cm. from 
the copper in each case. The external resistance of the galvanic circuit 
in each case was 1.12 ohms. The internal resistance varied with the area 
of the copper from 2.37 ohms in the case of the couple containing the 
largest copper specimen to 5.41 ohms in the case of the couple con¬ 
taining the smallest copper specimen. Uncoupled specimens of ingot iron 
were exposed at the same time as the galvanic couples in order to deter¬ 
mine the normal rate of corrosion of the iron under the testing conditions. 
The testing solution which had a volume of 10 liters in each case was 
3 per cent sodium chloride and was kept saturated with air at a tem¬ 
perature of 86° F. (30° C.). The duration of each test was 18 hours. 

The results of these tests are shown by Fig. D-7. These data demon¬ 
strate that with ratios of area of copper cathode to iron anode up to at 
least 20 to 1, the galvanic corrosion of the iron increases directly as 
the area ratio increases. It should be noted in this graph that the normal 
corrosion of iron is shown by the point referring to the zero ratio of 
copper cathode area to iron anode area. 

In practice, conditions of exposure differing from those which obtained 
during the test just described may cause a deviation from the general 
rule. For example, the building up of a heavy protective coating of cor¬ 
rosion product on the anode may serve to increase the total resistance 
of the galvanic cell and thereby reduce galvanic corrosion. Other dis- 
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Ratio of Area of Copper to Area of Iron in Galvanic Couples 


Fig. D-7 —Effect of area of a copper cathode on galvanic corrosion of iron 
anode in aerated 3 per cent sodium chloride. 

Area of iron anode — 0.047 sq. dm. 

Area of copper cathodes — 0.024 to 0.94 sq. dm. 


turbing factors include the possible presence, in the corroding medium, of 
strong cathode depolarizing agents other than dissolved oxygen, or varia¬ 
tions in the electrolyte composition in the vicinity of the metallic surfaces 
as corrosion continues. Of occasional importance is the change in struc¬ 
ture or surface characteristics of one of the metals in the couple, such as 
the graphitic corrosion of cast iron 9 in which case the cast iron may be 
originally anodic, yet with corrosion and formation of an impervious 
graphite layer, may become cathodic. 

The influence of relative areas of anodic and cathodic surfaces can 
be illustrated by the example of a riveted plate in sea water. A steel 
rivet in a copper plate suffers very rapid attack, whereas a copper rivet 
does not accelerate the corrosion of a steel plate to any appreciable extent. 
It should be noted that in this example the potential difference is the 
same in each case, although the extent of galvanic corrosion is greatly 
different. A more detailed discussion is given in another publication 10 . 

9 Some Consequences of Graphitic Corrosion of Cast Iron. W. A. Wesley, H. R. Copson 
and F. L. LaQue. Metals and Alloys. 7, 325-9 (1936). 

10 Controlling Factors in Galvanic Corrosion. W. A. Wesley. Proc. Am. Soc. Testing 
Materials. 40, 690-704 (1940). 
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Geometrical Relationship Between Dissimilar Metal Surfaces 

The positions of the dissimilar metals relative to each other affect 
the extent and distribution of galvanic corrosion. Most frequently the 
dissimilar metals contact each other along a line. Occasionally the dis¬ 
similar metallic surfaces are in non-intersecting planes. In the former 
case, intensity and distribution of the galvanic effect will be determined 
principally by the conductivity of the electrolyte, as discussed previously. 
In the latter case, distance between the dissimilar metals will be of 
equal importance to the conductivity of the electrolyte. 

Contact Between Metals 

It has been stated that good contact between dissimilar metals is 
necessary to permit current flow, because of the relatively low voltages 
involved. Practically, it has been demonstrated that the contact must be 
metal-to-metal and entirely through a metallic path. The presence of a 
conducting liquid or dried salt bridge between the two metals will not 
take the place of a truly metallic conductor of the first class, and will not 
provide the contact required for galvanic corrosion. Films of oxides or 
corrosion products between two overlapping pieces of metal may be 
sufficient insulation to prevent galvanic corrosion. 

Practical Aspects of Galvanic Corrosion 

Galvanic effects are not responsible for as many cases of corrosion 
failure as are generally attributed to them. Often a failure from galvanic 
corrosion can be traced to an unusually poor choice of different materials 
for the application. It is obviously poor practice to place in a single 
piece of equipment two metals standing far apart in the galvanic series, 
unless conditions related to the factors that have been discussed indicate 
safety in doing so. For example, a small area of any material should 
never be exposed in galvanic contact with a large area of a more noble 
material, yet, as in the example of the riveted plate previously described, 
a combination having the reversed ratio of areas could be used with 
success. It is often best practice to use more noble materials for fasten¬ 
ing devices or other vital parts in equipment built, for economical reasons, 
from less corrosion-resisting materials. In line with this, Monel is used 
frequently for bolts holding together parts of iron or steel condensers 
operating in sea or brackish waters, and for bolts or rivets on removable 
iron impellers in iron pumps handling corrosive solutions. 
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Due to their close relationship within the galvanic series, Monel, 
nickel and Inconel can usually be connected together in a corrosive 
medium without fear of serious galvanic corrosion. Practical experience 
with metals or alloys within the nickel and copper group have shown 
that they have no marked tendency toward galvanic corrosion, and 
applications involving the use of several of these alloys together in gal¬ 
vanic combination should present no serious problem, except in special 
cases where the area of the less noble material may be considerably 
smaller than that of the more noble material. 
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CORROSION-TESTING METHODS 

There is no standard or preferred way to carry out a corrosion 
test. The method must be chosen to suit the purpose of the test. The 
principal types of test are: 

1. Laboratory tests, including inspection tests such as tne salt spray. 

2. Plant tests. 

3. Field tests.—Exposing samples to the atmosphere; to soils; or to tresh 
brackish or saline natural waters. 

4. Service tests.—The use of a material for part of some operating equip¬ 
ment, such as an evaporator tube, or for small scale pilot plant equip¬ 
ment. 

Laboratory corrosion tests are useful to: 

1. Study the chemistry and mechanism of corrosion. 

2. Indicate the environment in which a particular metal or alloy may 
be used satisfactorily. 

3. Determine the possible effects of metals and alloys on the charac¬ 
teristics of an environment to which they may be exposed, e.g., con¬ 
tamination by corrosion products of materials in process, transportation 
or storage. 

4. Serve as a control test in making a uniform, corrosion-resisting metal 
or alloy. 

5. Determine the value of changes in composition or treatment in develop¬ 
ing corrosion-resisting alloys. 

6. Determine whether a metal, an alloy, or a protective coating conforms 
to a specification requiring a certain performance in a specified corrosion 
test. 

Plant, field, and service corrosion tests are most useful for: 

1. Selection of the most suitable material to withstand a particular en¬ 
vironment, and to estimate its probable durability in that environment. 

2. Study of the effectiveness of means of preventing corrosion. 

This discussion will be devoted principally to methods for making 
laboratory and plant corrosion tests. 
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Laboratory Corrosion Tests 

It has been established that so called “accelerated” corrosion tests 
do not yield reliable results. Likewise, it has been found that all metals 
and alloys do not respond alike to the influences of the several factors 
that control corrosion. Consequently, it is impractical to set up any 
standard laboratory corrosion-testing procedure for general use except 
in the case of inspection tests where standardization is obviously desir¬ 
able. Nevertheless, certain details of general laboratory testing procedure 
require careful attention in order to achieve the most useful results. These 
details are discussed in the code of recommended practice to be pre¬ 
sented. 


Essential Details of a Laboratory Corrosion Test 

Specimens and Their Preparation 

The size, or shape, of specimen will vary with the purpose of the 
test, the nature of the materials to be tested, and the testing apparatus 
used. In general, an effort should be made to have the ratio of surface 
to mass large and that of edge area to total area small. This can be 
achieved through the use of flat, circular specimens whenever practicable. 
Exposure of sheared edges should be avoided unless, of course, the pur¬ 
pose of the test is to study the effects of the shearing operation. 

The preferred condition of the surface is that it should be repre¬ 
sentative of the material as it would be used in practice. Where there 
is no preferred surface condition on this basis, a standard finish, such 
as may be obtained by resurfacing with a certain grade of emery, such 
as No. 120, should be adopted. The preparation of the specimens for test 
should insure that they are actually clean and free from grease films. 

After the specimens have been cleaned and marked for identification, 
as by stencilling, they should be weighed as accurately as possible. Speci¬ 
mens small enough to weigh on an analytical balance can be weighed 
with an accuracy of ±0.0001 gm. 

All specimens should be measured accurately so as to enable precise 
calculation of the exposed areas. 

Where the effects of corrosion are to be determined by observations 
of changes in mechanical properties, a set of specimens should be pre¬ 
served in a non-corrosive environment for use in a direct comparison 
with the corroded specimens after exposure. * 
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To facilitate interpretation of results by others, the method of 
preparation of the specimens should be described when reporting the 
results of the test. Such reports should also include a description of the 
nature and composition of the specimens in the following order of prefer¬ 
ence: 

1. Actual chemical composition determined by analysis. 

2. Approximate or nominal chemical composition. 

3. Trade name or grade. 

The metallurgical condition of the specimens, including the effects 
of hot or cold working and heat treatment, also should be described as 
completely as possible. 

Testing Conditions 

The selection of the conditions under which a laboratory corrosion 
test is to be carried out will be determined by the purpose of the test. 
If the object of the test is to provide a guide to the selection of a mate¬ 
rial for a particular purpose, it is necessary to estimate the range limits 
of the controlling factors as they exist in service. These include the oxygen 
concentration, temperature, rate of flow, pH value, and any other im¬ 
portant characteristics of the testing solution as discussed previously 
under the heading “Corrosion Processes and Controlling Factors.” An 
effort should be made to duplicate all service conditions in the corrosion 
test. In any event, the important factors mentioned above must be sub¬ 
jected to control so that the testing conditions may be duplicated at any 
time and the corrosion test results will be adequately reproducible. It 
is reasonable to expect that the spread in corrosion rate values for 
duplicate specimens in a given test should not exceed ±10 per cent of 
the average when the attack is uniform. 

Composition of Solution 

An effort should be made to insure that the corroding solution is 
actually what it is supposed to be; e.g. dilute sodium chloride is not 
sea water. The composition of the solution should be controlled to the 
fullest extent possible, and, in reporting results, it should be described 
as completely as possible. 
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Temperature 

The temperature of the corroding solution should be controlled within 
±2° F., or ±1° C., and should be mentioned in the report of the results. 
The actual variation in temperature should be reported also. 

Aeration 

The degree of aeration should be subjected to close control. It is 
not possible to do this by depending on diffusion to maintain uniform 
conditions, even in a well agitated solution. To achieve air saturation, 
the solution should be aerated by blowing air through it, preferably 
through an alundum thimble. When an intermediate degree of aeration 
is desired, it is better to saturate the solution with a mixture of air and 
some inert gas, such as nitrogen, than to attempt to achieve a uniform 
degree of partial air saturation. Similarly, where it is desired to have 
zero aeration, the solution should be kept saturated with an inert gas, 
such as nitrogen. Merely eliminating aeration will not insure an air-free 
solution. If the conditions of test are meant to duplicate a service condi¬ 
tion where a solution lies quietly in a tank, it would be reasonable to 
eliminate aeration, but this is probably the only case where such elimina¬ 
tion should be considered as the proper procedure. 

Velocity 

The velocity of relative movement between the test specimens and 
the solution should be subjected to close control. No particular velocity 
is preferred so long as it is constant, can be readily duplicated, and 
approximates the velocity conditions of the proposed service. Where 
velocity appears to be the controlling factor, tests should be made at 
different velocities, keeping the other conditions constant. In some cases 
it may be proper to let the specimens lie quietly in the solution. However, 
it should be recognized that zero velocity is difficult to maintain and 
that stagnant tests must be subjected to exceptionally careful control 
of the incidental conditions in order to achieve a proper degree of 
reproducibility. 

Volume of Testing Solution 

The volume of the testing solution should be large enough to avoid 
any appreciable change in its corrosiveness either through the exhaustion 
of corrosive constituents, or the accumulation of corrosion products that 
might affect further corrosion. 
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W. S. Calcott, J. C. Whetzel and H. F. Whittaker 11 have suggested 
a volume of 250 cc. per each 0.3 sq. dm. (4.6 sq. in.) of test piece area. 
This is probably the minimum that should be considered suitable. A pre¬ 
ferred volume to area ratio is 5 litres per each sq. dm. (15.5 sq. in.) of 
test piece area. Whatever volume of testing solution is used, possible 
effects of corrosion on the concentration of corrosive constituents should 
be determined by analysis, and, when required, appropriate action should 
be taken by replacing the exhausted constituents or renewing the solution. 

When the object of the test is to determine the effect of a metal or 
alloy on the characteristics of the testing solution, e.g. the effects of 
metals on dyes, it is desirable to reproduce the ratio of solution volume 
to exposed metal area that exists in practice. It is also necessary to take 
into account the actual time of contact of the metal with the solution. If 
all of these factors cannot be reproduced directly in the laboratory test, 
then it will be necessary to make proper allowances as by reducing the 
time of contact to compensate for necessary decreases in the ratio of 
volume to area. Any necessary distortion of the testing conditions must 
be taken into account when interpreting the results. 

Testing Apparatus 

The principal requirement of the testing apparatus is that it enable 
proper control of the important corrosion factors. Experience has shown 
that this can be accomplished most readily when the specimens are im¬ 
mersed completely and continuously in the testing solution. Alternate 
immersion and partial immersion tests are favored by some investiga¬ 
tors, 12 but have the disadvantage that the results may be influenced by 
such uncontrolled factors as drafts, changing humidity and the hygro- 
scopicity of salts on the drying surface. For this reason, the complete 
immersion test is preferred where complete control of aeration, tem¬ 
perature and motion are required. 

A form of corrosion testing apparatus which fulfills the essential re¬ 
quirements is illustrated in Fig. D-8 which shows the apparatus as a 
whole and Fig. D-9 which shows the method of supporting the specimens 
and of aerating the solution. This apparatus has been described in detail 
by Fraser, Ackerman and Sands. 4 

11 Corrosion Tests and Materials of Construction for Chemical Engineering Apparatus. 
D. Van Nostrand Co., New York; also Trans. Am. Inst. Chem. Eng., 15, 1-169 (1923). 

12 Symposium on Corrosion Testing Procedures. D. K. Crampton and N. W. Mitchell. 
Proc. Am. Soc. Testing Materials, 37 , 74-84 (1937). 
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Fig. D-8 — Apparatus for complete-immersion corrosion testing. 
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The jars containing the testing solution are surrounded by an elec¬ 
trically heated water bath, the temperature of which is controlled ther¬ 
mostatically. For tests at temperatures near atmospheric a suitable tem¬ 
perature is 86° F. (30° C.). This is usually slightly above room tem¬ 
perature and, therefore, easy to control. 

The stirrups by which the specimens are supported are attached to an 
arm actuated by a crank mechanism by which the specimens are thereby 
moved in a vertical, circular path. This type of motion has the advantage 
that all parts of the specimen are moved at exactly the same velocity. 
This method of moving the specimens also makes it easy to make con¬ 
nections for electrical measurements without the use of such devices as 
mercury cups or commutators. 

The testing solution may be saturated with air or other gases intro¬ 
duced through an alundum thimble. The alundum aerator serves to form 
very small gas bubbles which favor rapid solution of the gases. It has 
been found that merely bubbling gases through a glass tube drawn to a 
fine tip is not an adequate method of aeration. A glass chimney is placed 
over the aerator to prevent impingement of gas bubbles on the specimens. 

Method of Support of Specimens 

The method of supporting specimens will vary with the apparatus 
used, but should be designed so as to insulate specimens from each other, 
and from any metallic container or supporting device used with the 
apparatus. The supporting device and container should not be affected 
by the corroding agent to an extent that might cause contamination of 
the testing solution so as to change its corrosiveness. The shape and form 
of the specimen support should be such as to avoid, as much as possible, 
any interference with free contact of the specimen with the corroding 
solution. Where it is desired to set up conditions favoring contact cor¬ 
rosion, “deposit attack,” or other forms of concentration-cell action, the 
means by which these types of attack are favored should be such as to 
insure exact reproducibility from specimen to specimen and test to test. 

Duration of Test 

The duration of any test will be determined by its nature and pur¬ 
pose. In some cases it will be desirable to expose a number of specimens 
so that certain of them can be removed at definite time intervals so as 
to provide a measure of change of corrosion rates with time. With some 
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materials it may be important to repeat tests using the same specimens 
so as to eliminate any effects due solely to the original condition of the 
metallic surface. However, a procedure that requires removal of solid cor¬ 
rosion products between periods of exposure will not measure accurately 
normal changes of corrosion with time. 

It is clear that the higher the rate of corrosion, the shorter may be 
the testing period. It is suggested that the duration of a laboratory test 
need not be longer than the number of hours calculated by dividing the 
corrosion rate, in mdd., into 10,000. For example, where the rate of 
corrosion is 500 mdd., the test need not be run for more than 20 hours. 
If the rate were 50 mdd., the duration should be 200 hours. This method 
of estimating the proper duration of a test is applicable only where corro¬ 
sion is uniform and is useful only as an aid in deciding, after a test has 
been made, whether or not it is desirable to repeat the test for a longer 
period. The duration of any test should be reported. 

Method of Cleaning Specimens After Test 

There are many satisfactory means of cleaning specimens after ex¬ 
posure, such as the use of bristle brushes with mild abrasives and de¬ 
tergents, treatment with certain chemical solutions found especially 
suitable with certain metals and corrosion products, and electrolytic 
methods. Whatever the treatment, its effect in removing metal should be 
determined for each material and the results of weight loss determina¬ 
tions should be corrected accordingly. The method of cleaning should be 
described. 

An electrolytic cleaning method that has been found to be useful with 
a large number of metals and alloys is the following. 

Treat the specimen as a cathode in hot, dilute sulfuric acid under the 
following conditions: 

Solution . 5 per cent (by weight) sulfuric acid 

Anode . Carbon 

Cathode . Test specimen 

Cathode Current Density.... 20 amp. per sq. dm. 

Inhibitor . 2 cc. organic inhibitor per 1. of solution 

Temperature . 165° F. (74° C.) 

Exposure Period. 3 min. 
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The weight losses of specimens 0.5 sq. dm. in area treated by the 
method described have been found to be of the order shown in Table D-30. 


TABLE D-30 

Weight Losses of 0.5 sq. dm. Specimens Subjected 
to Electrolytic Cleaning Treatment 


Material 


Total Weight Loss, gm. 


Aluminum 2S. 

Ambrac. 

Brass (Admiralty). 

Brass (Red). 

Brass (Yellow). 

Bronze (Phosphor, 5 per cent Sn) 

Bronze (Silicon). 

Bronze, cast (85-5-5-5). 

Cast Iron. 

Copper. 

Copper-Nickel Alloy (70:30). 

Hastelloy A. 

Inconel. 

Lead (chemical). 

Monel. 

Nickel. 

Ni-Resist. 

Stainless Steel — Type 304. 

Steel (mild). 

Tin. 


0.0008 

0.0000 

0.0001 

0.0000 

0.0002 

0.0000 

0.0002 

0.0010 

0.0022 

0.0001 

0.0000 

0.0004 

0.0000 

0.0030 

0.0000 

0.0011 

0.0006 

0.0000 

0.0004 

0.0003 


Zinc 


Too high to be useful 





Evaluation of Results 

After the corroded specimens have been cleaned, they should be re¬ 
weighed with an accuracy corresponding to that of the original weighing. 
It will then be possible to calculate the loss in weight during the test 
period. This may be used as the principal measure of corrosion. 

After reweighing, the specimens should be examined carefully, and 
the average and maximum depths of pits, if any are present, determined 
by means of a calibrated microscope which can be focussed first on the 
edges and then on the bottoms of the pits. The depths of pits should be 
reported in thousandths of an inch for the test period, and not inter¬ 
polated or extrapolated to thousandths of an inch per year, or any other 
arbitrary period, because rarely if ever is the rate of initiation or propa¬ 
gation of pits uniform. The size, shape and distribution of the pits should 
be noted. A distinction should be made between those occurring under- 
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neath the supporting devices and those on the surfaces that had been 
freely exposed to the testing solution. 

If the material is suspected of being subject to such peculiar forms of 
corrosion as “dezincification,” it will be desirable to examine a cross 
section of the specimen for evidence of such attack. Similarly, the 
specimen may be subjected to simple bending tests and microscopic 
examination to determine whether there has been any embrittlement or 
intergranular attack. 

With suitable specimens, it may be possible to make quantitative 
mechanical tests comparing the exposed specimens with uncorroded 
specimens reserved for the purpose. By such means the effects of corrosion 
may be observed by measuring changes in mechanical properties. Some 
slight use has been made of measurements of electrical resistance as a 
means of evaluating loss in cross-sectional area of wires by corrosion. 


Galvanic-Corrosion Tests 

The nature of galvanic corrosion and the factors which control its 
extent have been described on pages 31 to 39. 

The principal information likely to be derived from galvanic-corrosion 
tests is the direction of current flow in the galvanic circuits. The extent 
of the galvanic effects will be influenced by the relative areas of anode 
and cathode, the polarization characteristics of the metals in the cor¬ 
roding solution, the internal and external resistances in the galvanic cir¬ 
cuit, the potential developed by the couple, and, of course, the several 
factors that normally influence corrosion processes. 

It is necessary to emphasize that the results of any galvanic-corrosion 
test can never be more than semi-quantitative. A principal reason for 
this is that the magnitude of the galvanic effect in any case is determined 
to a very important extent by the ratio of exposed areas of the metals 
forming the couple. Consequently, the quantitative results of any single 
test may be applied only to combinations of the same materials in which 
the same ratio of areas exists, and where, of course, the conditions of 
exposure are otherwise identical with those which obtained during the 
test. 

One means of studying the galvanic behavior of metals and alloys is 
the measurement of the open-circuit potential difference between the 
materials forming a couple, or of the potential of a metal or alloy in the 
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testing solution with reference to a standard of potential such as a calomel 
half-cell, or other reference electrode. 

Such open circuit potential measurements should be made preferably 
with a potentiometer or, if this should not be convenient, less satisfac¬ 
torily with a high-resistance millivoltmeter. The object in each case 
would be to avoid any appreciable current flow which would cause polar¬ 
ization while the measurements are being made. 

Experience has shown that the saturated calomel half-cell 13 is to be 
preferred over other types of calomel half-cell made up with more dilute 
solutions. The precision of the determinations with the saturated cell is 
quite adequate for the purpose and it is easier to maintain a constant 
potassium chloride concentration when a saturated solution is used. In 
making conversions between determinations referring to different types 
of half-cell, the values, referred to the standard hydrogen electrode at 
77° F. (25° C.), for the different calomel half-cells listed in Table D-31 
may be used. 

TABLE D-31 


Potential Values of Calomel Half-cells Referred to 
Standard Hydrogen Electrode at 77° F. (25° C.) 


Cell 

Potential, v. 

Saturated Calomel Half-cell. 

0.2458 

N. Calomel Half-cell. 

0.2848 

0.1 N. Calomel Half-cell. 

0.3376 



Open-circuit potential measurements, including those referred to a 
standard half-cell, do not indicate the effects of continued current flow. 
They do, however, provide a means of following changes in the electrode 
behaviour of specimens and of observing fluctuations in relative potential 
differences amongst the members of a series of metals and alloys. 

When potential measurements are supplemented by frequent deter¬ 
minations of the magnitude and direction of current flow, they provide 
considerably more information than can be derived wholly from weight- 
loss determinations and mechanical tests made after exposure. These 
latter measure only the net effect of coupling without disclosing much 
else about the characteristics of the elements of the couple. 

A very useful and desirable method of studying galvanic corrosion 

13 A Study of the Saturated Potassium Chloride Calomel Cell. H. A. Fales and W. A. 
Mudge. /. Am. Chem. Soc. 42 , 2434-53 (1920). 
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either with or without supplementary electrical measurements is to com¬ 
pare the extent of corrosion of coupled and uncoupled specimens exposed 
under identical conditions. Such measurements may be made by means 
of weight loss determinations, observations of changes in mechanical 
properties (strength and ductility) and measurements of the extent and 
distribution of local attack. 

A convenient method of carrying out such galvanic corrosion tests in 
the laboratory has been described by W. A. Wesley. 14 This method in¬ 
cludes electrical measurements as well as weight-loss determinations. 
The apparatus used is the vertical, circular path machine illustrated in 
Figures D-8 and D-9. The setup for galvanic corrosion tests is shown in 
Figure D-10 as it would appear if removed from the water bath. It may 
be noted that each assembly includes two pairs of dissimilar metals, one 
pair coupled galvanically while the other pair is left uncoupled to 
determine the normal rate of corrosion of the metals under the same 
corrosive conditions. 

The type of motion of this apparatus enables electrical connections 
to be made without a commutator or mercury cup and since no twist is 
involved, the leads from the specimens can be connected directly to a 
calibrated resistance attached to the yoke. This calibrated resistance can 
be 1 ohm or less. Determinations of the potential drop over the calibrated 
resistance serve as a basis for calculating the current flow. This is equiv¬ 
alent to using a low-resistance milliammeter and has the advantage that 
current readings can be made from time to time or indicated on a record¬ 
ing potentiometer without interrupting the flow of current even momen¬ 
tarily and without having to provide a milliammeter for each couple. 

It is customary to determine open-circuit potentials at the beginning 
and end of the test and sometimes the current is broken at intermediate 
stages for the same purpose. 

The record should include a complete description of the testing con¬ 
ditions and the following data. 

Temperature 
Aeration 
Anode area 
Cathode area 
Average current 

14 Anode and Cathode Weight Losses in Galvanic Corrosion. Trans. Electrochem. Soc„ 
73, 539-49 (1938). 
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Duration of current flow 

Total duration of test 

Weight losses of ariode and cathode material uncoupled 

Weight losses of anode and cathode material in galvanic couple 

Open-circuit potential at start of test 

Open-circuit potential at end of test 

Special Property Tests 

Stress-Corrosion Tests 

It has been observed that some metals and alloys are subject to 
peculiar forms of corrosion combined with cracking when subjected 
simultaneously to both corrosion and stress. The stress may be either 
internal or applied. In order to determine susceptibility to this form of 
corrosion and to study means of avoiding it, it is frequently desirable to 
carry out stress-corrosion tests. 

In their study of the embrittlement of steel by boiler waters, F. G. 
Straub and T. A. Bradbury 15 made use of a spring-loaded specimen in 
the form of a bar 1 in. diam. by 5 in. long with a 0.500-in. diam. hole 
bored in the center, and with a reduced section near the bottom. The 
testing solution was placed inside the hole in the specimen. A steel filler 
rod was placed in the bored hole so as to produce a capillary space in 
which the testing solution might concentrate in contact with the stressed 
steel. 

In another investigation of the embrittlement of steel by caustic 
solutions, W. C. Schroeder, A. A. Berk and R. A. O’Brien 10 used a tubular 
specimen closed at one end, with the load applied by means of a rod that 
passed through the center of the specimen. The rod was attached to a 
lever carrying weights. The specimens themselves were sealed inside a 
heated bomb containing the testing solution under pressure. These in¬ 
vestigators also used horseshoe shaped or U-bend specimens. This type 
of specimen will be described in greater detail. 

A U-bend specimen for studying the effect of stress under corrosive 
conditions is shown in Figure D-ll. These specimens are prepared from 
bar stock measuring 6 in. by y 2 in. by 34 thick. Holes % in- in diam. 
are drilled l / 2 in. from each end and then the bars are bent over a l>4-in. 

15 A Method for the Embrittlement Testing of Boiler Waters. Proc. Am. Soc. Testing 
Materials. 38, Part II, 602-15 (1938). 

10 Intercrystalline Cracking of Steel in Aqueous Solution. Metals and Alloys. 8, 320-30 
(1937). 
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Fig. D-ll— TJ-bend specimen for studying effect of stress under corrosive 

conditions. 


diam. greased mandrel with the aid of a tensile testing machine. Bending 
is continued until the legs of the U-bend are about 2% in. apart. The 
bent specimen is then clamped in a vise and the legs drawn up until they 
are nearly parallel. Without loosening the specimen in the vise, a bolt, 
3 in. long and in. in diam., is inserted through the holes and tightened 
up until the leg separation is exactly V /2 in. between the inner faces. This 
loosens the specimen in the vise so that it can be removed. This method 
of inserting the bolt subjects it to a minimum of shear stress. It is neces¬ 
sary to take extreme care never to release the tension in the U-bend until 
after completion of the corrosion test. Otherwise, indeterminate com¬ 
pressive stresses will be introduced. 

A specimen prepared in this manner has tensile stresses in the outer 
fibres and high stress gradients such as occur frequently in practice. 
Under appropriate testing conditions, cracks will form at the outside of 
the U-bend. 
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At the end of a test the amount the legs spring apart upon releasing 
the tension on the bolt can be measured and the elastic stress thereby 
estimated. Such estimates of stress will be rendered uncertain by the 
effects of corrosion in reducing the amount of normal springback. In 
addition, the usual effects of corrosion can be measured by weight-loss 
determinations. 

When the bolt assembly is different in composition from the test 
specimen, it is necessary to use insulating sleeves and washers between 
them; when it is desired to confine corrosion entirely to the bent speci¬ 
men, the bolt assembly can be covered with wax or some other protective 
coating. 

A type of stress-corrosion test that has been used for years in con¬ 
nection with cold-drawn copper and copper alloys is the mercurous 
nitrate test. It is described in the A. S. T. M. Tentative Specification 
B-111-39T. 17 This test requires that a specimen withstand, without 
cracking, an immersion for 15 min. in an aqueous mercurous nitrate solu¬ 
tion containing 100 gm. of mercurous nitrate and 13 cc. of nitric acid 
(1.42 sp. gr.) per liter of solution. 

A test involving both stress and corrosion is used for determining 
the corrosion-fatigue properties of materials. This subject has been dis¬ 
cussed in Section H. 

Testing Metallic Coatings 

Several methods have been developed for the testing of metallic coat¬ 
ings of various sorts. Since limitations of space prevent giving detailed 
descriptions here, the reader is referred to the book by R. M. Burns and 
A. E. Schuh. 18 


Acid Copper Sulfate Test 

This test, often referred to as the Strauss test, was developed for use 
with austenitic chromium nickel iron alloys to determine susceptibility to 
intergranular corrosion after certain abusive heat treatments. In its 
original form, it comprised immersion of specimens in a boiling solution 
containing 10 per cent copper sulfate and 10 per cent sulfuric acid. Later, 
J. J. B. Rutherford and R. H. Aborn 19 found that with alloys containing 


17 Ant. Soc. Testing Materials Standards. Part 1, 1092-5 (1939). . 

18 Protective Coatings for Metals. A. C. S. Monograph No. 79, pp. 234-74. Reinhold 

Publishing Corporation, New York, N. Y., 1939. _ ....... 

19 A Quantitative Method for the Estimation of Intercrystalline Corrosion in Austenitic 
Stainless Steels. Trans. Am. Inst. Min. Met. Eng., Iron and Steel Division, 100, 293-301 
(1932). 
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less than 0.15 per cent carbon better results were obtained with a solution 
containing 13 gm. copper sulfate (Cu S0 4 .5 H 2 0) and 47 cc. concentrated 
sulfuric acid (sp. gr. 1.84) per liter. These investigators also recom¬ 
mended that the volume of solution be 250 cc. per sq. in. of surface area 
of the specimen. The duration of the exposure varies with the shape and 
dimensions of the specimen. Durations from 24 to 72 hr. are common. 

The extent of attack in this test is estimated most frequently by bend 
tests and subsequent examination of the tension surfaces. Other methods 
include microscopic examination, macroscopic examination of fractures, 
determination of the time required for complete failure or disintegration, 
and measurements of changes in electrical resistance. The latter pro¬ 
cedure was described in detail by Rutherford and Aborn. 19 

A somewhat similar test involves the use of a hot or boiling mixture 
of nitric and hydrofluoric acids in the typical ratio of 20 per cent (by 
volume) of concentrated, c. p. nitric acid (sp. gr. 1.42) and 4 per cent of 
concentrated, c. p. hydrofluoric acid (48 per cent). The nitric-hydro¬ 
fluoric mixture acts faster than the acid copper sulfate solution but has 
the disadvantage that it also attacks sound metal slowly and thus makes 
the interpretation of test results more difficult. 

Boiling Nitric Acid Test 

This test was developed by W. R. Huey 20 as a means of evaluating 
the corrosion resistance of stainless steels. It has been used to a consider¬ 
able extent as a means of inspection to establish that the corrosion resist¬ 
ing characteristics of the steel, as affected by composition and treatment, 
are normal. 

The test consists in immersing specimens in boiling, 65 per cent nitric 
acid for 240 hr. The specimens are removed and re-weighed and the acid 
is changed every 48 hr. An alternate procedure involves three 16-hr. test 
periods. 

The specimens measure % in* diam. by thick with a %-in. 

diam. hole drilled 34 in. from the edge. The surface is finished with dry 
No. 120 French emery paper. The testing solution is held in a 1-liter 
Erlenmeyer flask equipped with a 30-in. reflux condenser. 

More recently, J. L. Miller 21 made a critical study of the effects of 

20 Corrosion Test for Research and Inspection of Alloys. Trans. Am. Soc. for Steel Treat¬ 
ing (now Am. Soc. for Metals). 18, 1126-39 (1930); Report of Sub-committee IV on Methods 
of Corrosion Testing. Proc. Am. Soc. Testing Materials. 33, 178 (1933). 

21 Factors Influencing the Nitric Acid Test for Stainless Steel. J. Am. Soc. Naval Engrs. 
47, 241-6 (1935). 
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certain of the incidental testing conditions and recommended: that 100 
cc. of solution be used for each l l / 2 sq. in. of specimen area and that 
the initial concentration of the nitric acid be 67 per cent. Miller also 
found that traces of such impurities as hydrochloric and sulfuric acids 
and metal salts in the nitric acid had a very considerable effect on the 
results obtained. 

Salt-Spray Testing 

The salt-spray test was designed originally as a method of testing 
protective coatings, especially for exposure to marine atmospheres. Sub¬ 
sequently, it has been applied frequently as a sort of accelerated test to 
indicate in a general way the corrodibility of various metals and alloys. 
Its failure to be reliable for the latter purpose is not surprising. It is also 
of doubtful value as a means of evaluating the quality of stainless steels. 

With many materials, and particularly aluminum alloys, the most 
reliable data from salt-spray tests are obtained by the determination of 
changes in mechanical properties of the specimens. 

Committee B-3 of the A.S.T.M. has drawn up a description of appa¬ 
ratus and procedures to be employed in making salt-spray tests of non- 
ferrous materials. 22 For a general review of salt-spray testing and a 
design of spray chamber, the reader is referred to the paper by W. H. 
Mutchler, R. W. Buzzard and P. W. C. Strausser 23 and to a paper by 
E. H. Dix and J. J. Bowman. 24 

The A.S.T.M. method referred to previously permits the use of either 
a 3.5 per cent or 20 per cent solution, by weight, of sodium chloride, 
with the pH controlled between 6 and 7. Two standard temperatures are 
recognized, 95°zb4° F. (35°±2° C.), and room temperature between 
59° and 77° F. (15° and 25° C.) Further details of the method are given 
in the A.S.T.M. book of Standards. 

Plant Corrosion Tests 

It is not always practical or convenient to investigate corrosion 
problems in the laboratory. In many instances, it is difficult to discover 
just what are the conditions of service and to reproduce them exactly. 

22 Tentative Method of Salt-Spray Testing of Non-Ferrous Metals. Proc. Am. Soc. Test¬ 
ing Materials Tentative Standard B-117-39T— Am. Soc. Testing Materials Standards, Part I, 
1169-74 (1939). 

23 Salt-Spray Test. National Bureau of Standards, Letter Cir. No. 530, 1-14, July 1, 1938. 

24 Salt-Spray Testing. Am. Soc. Testing Materials Symposium on Corrosion Testing Pro¬ 
cedures, 57-66 (1937). 
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This is especially the case with processes involving changes in the com¬ 
position and other characteristics of the solutions as the process is carried 
out, as, for example, in evaporation, distillation, polymerization, sul- 
fonation or synthesis. 

With many natural substances, also, the exact nature of the corrosive 
is uncertain and is subject to changes not readily controlled in the lab¬ 
oratory. In other cases, the corrosiveness of the solution may be in¬ 
fluenced greatly by or even may be due principally to a constituent 
present in such minute proportions that the mass available in the limited 
volume of corrosive solution that could be used in a laboratory set-up 
would be exhausted by the corrosion reaction early in the test, and con¬ 
sequently the results over a longer period of time would be misleading. 

Another difficulty sometimes encountered in laboratory tests is that 
the contamination of the testing solution by corrosion products may 
change its corrosive nature to an appreciable extent. 

In such cases, it is usually preferable to carry out the corrosion¬ 
testing program by exposing specimens in operating equipment under the 
actual conditions of service. This procedure has the additional advan¬ 
tages that it is possible to test a large number of specimens at the same 
time, little technical supervision is required, and it is unnecessary for the 
investigator to know the exact nature of the corrosive solution. The last 
point is often important when the plant operator, who wants information 
on corrosion, is, at the same time, reluctant to disclose the details of 
composition of the corrosive solution. 

In certain cases, it is necessary to choose materials for equipment to 
be used in a process developed in the laboratory and not yet in opera¬ 
tion on a plant scale. Under such circumstances, it is obviously impossible 
to make plant tests. A good procedure in such cases is to construct a pilot 
plant, using either the cheapest materials available or some other mate¬ 
rials selected on the basis of past experience or of laboratory tests. While 
the pilot plant is being operated to check the process itself, specimens 
can be exposed in the operating equipment as a guide to the choice of 
materials for the large-scale plant, or as a means of confirming the suit¬ 
ability of the materials chosen for the pilot plant. 

In carrying out plant tests it is necessary to install the test specimens 
so that they will not come into contact with other metals and alloys; 
this avoids having their normal behavior disturbed by galvanic effects. 
It is also desirable to protect the specimens from possible mechanical 
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damage. A device that provides the required features and otherwise 
facilitates the carrying out of plant corrosion tests was described in detail 
in a paper by H. E. Searle and F. L. LaQue. 25 

This method of testing is substantially in accord with the A.S.T.M. 
Tentative Recommend Practice for Conducting Plant Corrosion Tests, 
A 224-39T. 26 

The specimen holder, with its component parts, is illustrated in Fig. 
D-12. A list of the parts required to assemble a typical holder is given in 
Table D-32. 

Specimens are machined to an exact diam. of 2.233 in. with a 2 % 4 -in. 
diam. hole in the center, and are of a standard thickness of % 2 in - A 



Fig. D-12 — Spool-type specimen holder. 


25 Corrosion Testing 
Nickel Company, Inc., 5 
20 Am. Soc. Testing 


■ Methods. Technical Bulletin T-10. April 
lew York, N. Y. 

Materials Standards, Part I, 909-16 (1939). 


1937. The International 
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TABLE D-32 

Bill of Material for a Typical Specimen Holder 


Number 

Required 

Name of 
Parts 

Material 

Size 

5 

Rods 

Monel. 

diam. by 12" long, ends 

20 

2 

Hex Nuts... 

Brackets... . 

Monel machine screw 
nuts, No. 10/32 
Monel... 

threaded \ } 10/32 threads 

11 U.S. Standard gauge, by 

3%", having 3 holes* % 2 " diam. 
W O.D. by I.D. by 10%" 

1 

Insulator.... 

Molded bakelite tubing 

2 

End Disks. . 

Molded bakelite sheet 

long 

4" diam. by \i” thick with 5 holes f 

15 

Spacers. 

Molded bakelite tubing 

O.D. by I.D- by V 8 " long 

1 

Short Spacer 

Molded bakelite tubing 

W O.D. by I.D- by 5 /f 6 " long 


V^CIU-Cl Ul »vU / 4 ***• * r n -1 1 - 

spectively, 1H in. and 2 $4 in. from center 0 * first hole - 

t Hole 21/64 in. diam. drilled at disk center and centers of other holes, 7/32 in. diam. 
located at four points of a quadrant and on a side of a 134 in. radius. 


specimen when mounted on the holder has an exposed area of 0.5 sq. dm. 
Sometimes it is desirable to use thicker specimens, in which Case the 
thickness may be measured and the corresponding area taken from 
Table D-33. 


TABLE D-33 

Areas of 2.233-in. diam. Specimens According to Thickness 


U. S. Standard Gauge 

Thickness, in. 

Area Exposed 

sq. dm. 

sq. in. 

3 . 

0.2500 

0.599 

9.286 

7 . 

0.1875 

0.571 

8.847 

11 . 

0.1250 

0.543 

8.409 

12 . 

0.1094 

0.535 

8.299 

14 . 

0.0781 

0.521 

8.080 

16 . 

0.0625 

0.514 

7.970 

18 . 

0.0500 

0.509 

7.883 

20 . 

0.0375 

0.503 

7.795 

21 . 

0.0344 

0.502 

7.773 

22 . 

0.0313 

0.500 

7.752 

23 . 

0.0281 

0.499 

7.729 

24 . 

0.0250 

0.497 

7.707 

25 . 

0.0219 

0.496 

7.686 

26 . 

0.0188 

0.494 

7.664 






It is convenient to make cast specimens % 0 in. thick. With this thick¬ 
ness it is common practice to make the diameter 2.083 in. and thereby 
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again make the exposed area, when installed on the specimen holder, 
exactly 0.5 sq. dm. 

Specimens can be weighed readily on an analytical balance; because 
of their uniform size, the time involved in changing weights on the bal¬ 
ance pan is minimized. For certain purposes, special specimens may be 
prepared, as, for example, specimens made by welding or soldering pieces 
of metal together. 

In assembling specimens for test, a supporting bracket is slid over 
the threaded end of the center rod and two nuts are screwed on to lock 
it in place. Next, an insulating tube is slid over the rod and then a large 
end disc which bears against the bracket. Next, an insulating spacer is 
slid over the insulating tube, then a specimen, then another spacer, and 
another specimen, and so on until all the available space has been utilized. 
It is customary to mount at least two specimens of each metal or alloy for 
checking purposes. Then the second end disc is put on, followed by the 
other supporting bracket and the second set of nuts which are drawn up 
tightly and locked. Four additional rods are inserted in the holes located 
around the peripheries of the end discs, and drawn up tightly with nuts. 
The four rods serve two purposes—they afford protection to the speci¬ 
mens against mechanical abuse, and they make the assembly very strong. 
One of the rods passes through holes in the supporting brackets to hold 
them firmly. In order to provide for any variations in thickness of speci¬ 
mens, short spacers may be used. 

The spacing of specimens is regulated by the length of the spacer; 
usually it is $4 in. 

When it is desired to investigate galvanic effects, the insulating spacer 
may be replaced by one of metal, of the normal, or shorter, length, made 
from one of the materials of the galvanic couple. Ordinarily, the metal 
spacer is exposed to the corrosive attack and is considered part of the 
metal specimen comprising one half of the couple; but, if it is thought 
desirable, the exposed surface of the metal spacer can be coated with an 
insulating lacquer. Similarly, corrosion of the specimens forming the 
couple may be confined to adjacent faces by lacquering the backs. When 
a galvanic arrangement of this kind is used, it is common practice to use 
a compression spring, made of a corrosion-resisting material, between a 
spacer and the end disc; the spring takes up any slack that might result 
from thinning of specimens by corrosion. 

The choice of materials from which to make the holder is important. 
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These do not need to be durable enough to last indefinitely, but they must 
last long enough to insure satisfactory completion of the test. Metallic 
parts are generally made of nickel or Monel for exposure to the majority 
of corrosives, and of some type of chromium-nickel stainless steel for 
tests in oxidizing acids, such as nitric. Insulating materials used are bake- 
lite, porcelain, neoprene and glass. Bakelite answers most purposes; its 
principal limitations are unsuitability for use at temperatures over 
300° F., and lack of adequate resistance to concentrated alkalies, and cer¬ 
tain organic compounds, such as coal-tar products. 

It costs from 5 to 10 cents to machine a specimen. When 25 holders 
are made at a time, the cost for material and for machining of the holder 
parts for one assembly is approximately $3.00. Specimens are prepared 
for test in the same manner as described previously on pages 41 and 42 
of this Section in connection with laboratory corrosion tests. 

The method of supporting the specimen holder during the test period 
is important. The preferred position is with the long axis of the holder 
horizontal, thus avoiding dripping of corrosion products from one speci¬ 
men to another. The holder must be located so as to cover the conditions 
of exposure to be studied. It may have to be submerged, or exposed only 
to the vapors, or located at liquid level, or holders may be called for at 
all three locations. Exposure at the liquid level may be accomplished 
most readily by building a suitable float, usually of wood, around the 
holder so that it will float on the surface. Various means have been 
utilized for supporting the holders in liquids or in vapors. The simplest 
is to suspend the holder by means of a heavy wire or light metal chain. 
Holders have been strung between heating coils, clamped to agitator 
shafts, welded to evaporator tube sheets, etc. 

In a few special cases, the standard “spool-type” specimen holder is 
not applicable and a suitable special test method must be devised to apply 
to the corrosion conditions being studied. For example, a suitable speci¬ 
men holder for measuring corrosion inside pipe lines, or tubes, is illus¬ 
trated in Fig. D-13. The specimen is a strip, y 2 in. wide by 3 in. long, 
bent at each end, and provided with 2 % 4 -in. diam. holes in the bent por¬ 
tions. Such specimens may be assembled and spaced on a rod of the same 
diameter as used in the standard holder. End discs are replaced with 
twisted wire spiders to locate specimens in the center of the tube. This 
device does not interfere seriously with the flow of liquid through tubes 
1 y 2 in. inside diam. or larger. 
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Fig. D-13 —Specimen holder for measuring corrosion inside pipe lines or 

tubes. 


Another way to study corrosion in pipe lines is to install in the line 
short sections of pipe of the materials to be tested. These test sections 
should be insulated from each other and from the rest of the piping 
system by means of non-metallic couplings. It is also good practice to 
provide insulating gaskets between the ends of the pipe specimens where 
they meet inside the couplings. Such joints may be sealed with various 
types of “dope” or cement. It is desirable in such cases to paint the out¬ 
side of the specimens so as to confine corrosion to the inner surfaces. 

It is occasionally desirable to expose corrosion-test specimens in 
operating equipment without the use of specimen holders of the type 
described previously. This can be accomplished by attaching specimens 
directly to some part of the operating equipment and by providing the 
necessary insulation against galvanic effects as shown in Fig. D-14. The 
suggested method of attaching specimens to racks has been found to be 
very suitable in connection with the exposure of specimens to corrosion 
in sea water, where metal racks should be used to avoid destruction by 
teredos. 

The methods of cleaning specimens after test, discussed in connection 
with laboratory corrosion testing, may be applied as well to specimens 
from plant corrosion tests. 

Although loss in weight is used as the principal measure of corrosion, 
this should be supplemented always by an examination of each specimen, 
before it is cleaned, for tarnishing and the nature of any heavier corrosion 
products. If pitting has occurred, the maximum and average pit depths 
should be determined by means of a calibrated microscope, focused first 
on the surface of the specimen and then on the bottoms of the pits. With 
larger pits a needle-pointed depth gage can be used. Distinction should 
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Method for Fastening 
Specimen to Test Rack 


Method for Fastening 
Specimen to Structural 
Member or Shaft 



Bakelite Tube 
and Washer 


Insulating 

Sheet 


Fig. D-14 —Methods for attaching specimens to test racks and to parts of 
moving equipment. 


be made between pits on the parts of the surfaces that were exposed 
freely and those parts under the spacers. The corroded specimen may be 
subjected also to bending tests and microscopic examination to determine 
whether intergranular deterioration or other less usual forms of corrosion, 
such as “dezincification,” have occurred. The standard disc specimens 
are not well adapted to the quantitative measurement of change in 
mechanical properties. When changes in these, due to corrosion, are to be 
studied, test pieces of suitable size to permit cutting from them standard 
sheet metal tensile test specimens should be used; or precut tensile test 
specimens may be used for the corrosion tests. 

A.P.I. Code for Corrosion Tests in Petroleum Refining Processes 
In 1930, the Committee on Corrosion of Refinery Equipment of the 
American Petroleum Institute drew up a tentative code for the deter¬ 
mination of resistance to corrosion of metallic samples in petroleum refin¬ 
ing equipment. 
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The testing method was designed especially for the exposure of speci¬ 
mens in contact with petroleum products at relatively high temperatures 
(e.g. in soaking drums and cracking still tubes). Since there is no pro¬ 
vision for electrical insulation of the specimens, the method is not well 
suited to tests in electrolytes. 

The code requires the use of test specimens 6 in.±0.04 in. long, 1 in. 
±0.01 in. wide and 0.375 in.±0.01 in. thick. A hole 0.266 in. diam. to 
enable attachment to a supporting device is located 0.5 in. from one end 
of the specimen. The specimen and suggested methods for support are 
shown in Fig. D-15. 

Further details concerning this method of test are described in the 
code. 

Soil Corrosion Testing 

The testing of the resistance of metals and alloys to corrosion by soils 
consists essentially of burying test specimens in trenches dug for the 
purpose. A detailed discussion of this subject is given elsewhere. 27 

Atmospheric Corrosion Testing 

The study of the extent and nature of corrosive attack of metals by 
atmospheric agencies can best be carried out by exposing specimens out¬ 
doors. 

It is common practice to use fairly large specimens in the form of 
sheet. These are fastened to racks so that they face south and slope at 
an angle of approximately 30° to the horizontal. Details of the technique 
of carrying out atmospheric corrosion tests are given in a paper by H. S. 
Rawdon. 28 

Units for Reporting Corrosion Rates 

Any term used to report corrosion rates should include units of weight, 
time and area or depth of penetration per unit of time; percentage loss 
in weight is usually meaningless. 

Popular means of expressing corrosion rates are “milligrams per 
square decimeter per day,” abbreviated mdd., and “inches penetration 
per year,” abbreviated ipy. The latter term represents the depth to which 

27 Soil Corrosion Testing. K. H. Logan, S. P. Ewing and I. A. Denison. Symposium on 
Corrosion Testing. Proc. Am. Soc. Testing Materials, 37, 95-122 (1937). 

28 Atmospheric Corrosion Testing. Symposium on Corrosion Testing. Proc. Am. Soc. 
Testing Materials, 37, 36-50 (1937). 
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uniform corrosion would penetrate if a specimen were exposed to cor¬ 
rosion, on one side only, 24 hours per day for 365 days. 

Weight loss units can be converted into penetration units by using 
the equation: 

(0.001437) 

mdd. X-g-= ipy. 

where d is the density of the metal in gm. per cu. cm. 

Using this equation, the corrosion factors shown in Table D-34 have 
been calculated. A curve drawn on the basis of this equation is shown in 
Fig. D-16, from which the proper corrosion factor for any material, the 
density of which is known, may be estimated. 


TABLE D-34 

Relationship Between Corrosion Rate in Milligrams Per Square 
Decimeter Per Day (mdd.) and Penetration in Inches and 
Centimeters Per Year (ipy.) 


Material 

Density 
gm. per 

Penetration Equivalent to a 
Corrosion Rate of 1 mdd. in 

cu. cm. 

ipy. 

cm. per yr. 

Aluminum 2S. 

2.72 

0.000528 

0.001346 

Ambrac . 

8.86 

0.000162 

0.000412 

Brass (Admiralty). 

8.54 

0.000168 

0.000427 

Brass (Red). 

8.75 

0.000164 

0.000416 

Brass (Yellow). 

8.47 

0.000170 

0.000432 

Bronze (Phosphor, 5 per cent Sn). 

8.86 

0.000162 

0.000412 

Bronze (Silicon). 

8.54 

0.000168 

0.000427 

Bronze, cast, (85-5-5-5). 

8.70 

0.000165 

0.000419 

Cast Iron. 

7.20 

0.000200 

0.000508 

Copper. 

8.92 

0.000161 

0.000409 

Copper-Nickel Alloy, (70:30). 

8.95 

0.000161 

0.000409 

Hastelloy A. 

8.80 

0.000163 

0.000414 

Hastelloy B. 

9.24 

0.000155 

0.000394 

Hastelloy C . 

8.94 

0.000161 

0.000409 

Inconel. 

8.51 

0.000169 

0.000429 

Iron-silicon Alloy. 

7.0 

0.000205 

0.000521 

Lead (chemical). 

11.35 

0.000127 

0.000323 

Monel. 

8.84 

0.000163 

0.000414 

Nickel. 

8.89 

0.000162 

0.000412 

Nickel Silver (18 per cent Ni). 

8.75 

0.000164 

0.000417 

Ni-Resist. 

7.48 

0.000192 

0.000488 

Silver. 

10.50 

0.000137 

0.000348 

Stainless Steel Type 304. 

7.92 

0.000181 

0.000462 

Stainless Steel Type 430. 

7.61 

0.000189 

0.000480 

Steel (mild). 

7.86 

0.000183 

0.000465 

Tin . 

7.29 

0.000197 

0.000500 

Zinc. 

7.15 

0.000201 

0.000510 
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0.00058 

0.00056 



0.00010 


4 5 6 7 8 9 10 11 12 

DENSITY-GRAMS PER CUBIC CENTIMETER 


13 14 


Fig D-16 —Relation between corrosion rates in milligrams per square deci¬ 
meter per day ( mdd .) and in inches penetration per year ( ipy .) a j affected 
by density of metal. 
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Example: A corrosion rate of 350 mdd. for mild steel would be 
equivalent to penetration at a rate of 

350X0.000183 = 0.064 ipy. 

It should be remembered always that any calculations of corrosion 
rates, such as “mdd.” or “ipy.”, will be subject to error on account of 
non-uniform distribution of corrosion and changes of corrosion rates with 
time. In connection with the latter, it is often desirable to carry out the 
testing program so as to provide data from which curves can be plotted 
to illustrate changes in corrosion rates with time. 

To facilitate conversion of corrosion rates from one unit to another, 
several factors pertaining to such conversions have been included in the 
general table of conversion factors, Section P. For convenient reference, 
these factors are repeated in Table D-35. 


TABLE D-35 

Corrosion-Rate Conversion Factors 


Multiply 

By 

To Obtain 

grams per square inch per hour.. 

grams per square meter per year 

milligrams per square decimeter. . 
milligrams per square decimeter 
npr Hav fmdd.'l. 

360,000 

36.5 

0.0003279 

0.00000278 

0.0274 

0.00747 

3,050 

133.8 

milligrams per square decimeter 
per day (mdd.). 

milligrams per square decimeter 
per day (mdd.). 
ounces per square foot. 

grams per square inch per hour 

grams per square meter per year. 

pounds per square foot per year, 
milligrams per square decimeter, 
milligrams per square decimeter 
per day (mdd.). 

milligrams per square decimeter 

npr Hav ( mdd.'l. 

milligrams per square decimeter 

npr Hqv (mrln.). 

UCi Uaj yuiuu.y •••••• . 

Annrpc npr foot. . . • • . 

UUULCu L/C* v. i wv • ••• «••••• 

pounds per square foot per year. . 
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CORROSION-RESISTING CHARACTERISTICS OF 
MONEL, NICKEL AND INCONEL 

These materials are relatively noble, that is, they do not evolve hy¬ 
drogen readily from solutions, and they require oxygen or some other 
oxidizing agent for continuation of their corrosion reactions. As a result, 
they exhibit their highest degree of resistance to acid corrosion under 
reducing conditions and tend to have their corrosion accelerated by oxi¬ 
dizing acids and compounds. 

Monel is most versatile since it resists the attack of mineral and 
organic acids, alkalies, and salts over a wide range of concentration and 
exposure conditions. 

Nickel is similar to Monel in its corrosion resistance; it is generally 
inferior in resistance to acids, about the same in resistance to salts, and a 
little better in resisting alkalies. 

Inconel was developed primarily to resist corrosion and tarnishing 
by foods. It is also superior to Monel and nickel in resisting strongly 
oxidizing acid solutions and dilute organic acids. However, the oxidizing 
effect of dissolved air alone is not sufficient to give Inconel an appreciable 
advantage over Monel or nickel in aerated mineral acids or concentrated 
organic acids. Inconel possesses superior resistance to alkaline sulfur 
compounds and hydrogen sulfide at atmospheric and elevated temper¬ 
atures. 

Since the corrosion resistance of a material is not a constant property, 
but varies with the incidental conditions of exposure to corrosion, it is 
impractical simply to divide corrosives into two classes, viz. those which 
the material resists, and those which it does not resist. 

The following notes constitute a general outline of the corrosion- 
resisting characteristics of Monel, nickel and Inconel. Table D-36 gives 
a list of corrosive media with which Monel, nickel and Inconel are 
known definitely to have been used successfully. Where the use of any 
of these materials is not indicated, it does not mean that the material 
is not satisfactory, but rather that its definite use has not been recorded. 

Likewise, the fact that any of the materials has been used in contact 
with a certain corrosive medium should not be taken as evidence of its 
suitability in contact with that medium under any and all conditions. 
Rather, the list should be used merely as a guide to further considera- 
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tion of the materials indicated. Actual use should follow consultation 
with the manufacturer 29 whenever possible, especially in the case of 
those media marked with an asterisk. 

Table D-36 is supplemented by the quantitative corrosion data 
shown in Table D-37. These data represent only a portion of those 
available and have been chosen to indicate the behavior of the three 
materials in the most common types of corrosive environment. More 
detailed information on certain corrosive media as they are encountered 
both generally and in particular industries are available in the form of 
technical bulletins. 

The following notes for Monel may be applied also to “K” Monel 
and “R”* Monel, and those for nickel to “Z” Nickel and “D”* Nickel. 
Some typical comparative data on these materials have been given in 
Tables D-22 and D-23. 

Where corrosion rates are cited in the following discussion, they will 
be referred to in terms of inches penetration per year, abbreviated ipy., 
which means the depth to which uniform corrosion would penetrate if 
the material were exposed to corrosion on one side only continuously 
for 365 days of 24 hours each. 

Atmospheric Corrosion 

Actual corrosion of Monel, nickel and Inconel in even the most cor¬ 
rosive natural atmospheres (sulfurous industrial) is practically nil, being 
less than 0.0002 ipy. in outside exposure. Intercrystalline corrosion and 
“season cracking” do not occur. 

In indoor exposure, all three materials remain substantially un¬ 
changed, that is, free from such effects as the rusting of steel. Inconel is 
somewhat superior to Monel and nickel, since it is relatively free from 
the “fogging” that sometimes occurs with Monel and nickel if they are 
left for long periods, without cleaning, in damp, sulfurous atmospheres. 

In outdoor exposure, Monel and nickel will remain bright only in 
rural atmospheres that are essentially free from sulfur gases. In other 
atmospheres, they will acquire brownish or greenish tarnish films at a 
rate that depends on the humidity and sulfur content of the atmosphere. 

Inconel is not completely immune to tarnishing in sulfurous outdoor 
atmospheres, but compares favorably with the best of other alloys that 

2» The International Nickel Company, Inc., New York, N. Y. 

♦Reg. U. S. Pat. Off. 


•71- 












CORROSION RESISTANCE 


are considered to possess satisfactory resistance to tarnishing outdoors. 
In clean country air, Inconel will remain bright indefinitely. Free ex¬ 
posure to the atmosphere is more favorable than partially sheltered 
exposure. 

Fresh Water 

All three materials are highly resistant to corrosion by distilled water 
and by hard and soft natural waters. Rates of corrosion are usually less 
than 0.00001 ipy., and rarely more than 0.001 ipy., even under the most 
severe conditions of temperature, flow and aeration. The order of merit 
is Inconel, nickel and Monel with the practical advantage of the first two 
being principally in connection with waters high in salts and containing 
appreciable amounts of free carbon dioxide or hydrogen sulfide. 

Salt Water 

While all three materials are usefully resistant to sea water corrosion, 
Monel is usually the best choice for reasons of economy. Monel finds its 
greatest usefulness under conditions of contact with salt water at high 
velocity where its resistance to the effects of impingement and cavitation 
is important. Conditions of stagnant exposure are less favorable, since 
the accumulation of marine organisms and other solids may induce pit¬ 
ting. None of these materials is non-fouling since their corrosion products 
are not toxic to marine organisms. Increasing resistance to pitting when 
submerged is in the order of Monel, nickel and Inconel; and to marine 
atmospheres, or salt spray, in the order of Inconel, nickel and Monel. 

Neutral and Alkaline Salts 

Such salt solutions, including chlorides, carbonates, sulfates, nitrates, 
acetates, and others have a negligible corrosive effect on all three mate¬ 
rials. Rates of corrosion, even in hot, aerated solutions, are rarely more 
than 0.005 ipy. 

Acid Salts 

Monel is generally superior to nickel and Inconel in resisting cor¬ 
rosion by acid salts, such as zinc chloride, ammonium sulfate, aluminum 
sulfate, and others. Rates of corrosion of all three are usually less than 
0.02 ipy. 

Oxidizing Acid Salts 

Neither Monel nor nickel is highly resistant to more than very dilute 
solutions of most oxidizing acid salts, such as ferric chloride, ferric sul¬ 
fate, cupric chloride, mercuric chloride, and silver nitrate. Nickel is 
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superior to most other materials in resisting stannic chloride at atmos¬ 
pheric temperature. 

Inconel is resistant to many oxidizing acid salt solutions, such as 
chromates, dichromates, permanganates, persulfates, nitrates (e.g. silver 
nitrate), nitrites, copper sulfate, and others. It does not resist such salts 
as ferric chloride, cupric chloride, or mercuric chloride except in very 
dilute solutions. 

Oxidizing Alkaline Salts 

Hypochlorites are the only common alkaline salts that are corrosive 
to these materials. The limiting concentration of available chlorine that 
can be handled safely is 3 gm. per liter. With this concentration, contact 
should not be continuous, and the chlorine solution should be followed 
by rinsing and souring (acid) solutions as in cyclic bleaching operations. 

Alkaline peroxide solutions are not corrosive to these materials. 
Nickel and Inconel do not catalyze the decomposition of such peroxide 
solutions, and Monel has only a very slight effect which does not interfere 
with its successful use for peroxide bleaching equipment. 

SuHuric Acid 

Monel is the best of the three so far as general resistance to sulfuric 
acid is concerned. In air-free sulfuric acid at atmospheric temperatures, 
corrosion of Monel is practically nil in all concentrations up to about 
80 per cent. In air-saturated acid, below 80 per cent concentration, the 
maximum rate of corrosion occurs with 5 per cent acid and is about 
0.04 ipy. In the presence of oils and oily substances, Monel resists acid 
concentrations over 80 per cent, as in sulfonation processes and the 
handling of acid sludges in oil refineries. 

In air-free acid, the effect of temperature on the corrosion of Monel 
is negligible. In air-saturated acid the most active temperature is about 
185° F.; for example, the corrosion of Monel in 5 per cent acid at 180° F. 
is at a rate of about 0.12 ipy. The highly reducing conditions of steel pickl¬ 
ing solutions favor Monel, and, in galvanic contact with steel, the corrosion 
of Monel pickling equipment is negligible. Monel may be used in boiling 
sulfuric acid solutions in concentrations under 20 per cent by weight. 

Nickel is generally inferior to Monel in resisting corrosion by sulfuric 
acid. In acid under 80 per cent concentration at atmospheric temperature, 
rates of corrosion are usually less than 0.09 ipy. for air-saturated acid, 
and 0.005 ipy. in air-free acid. At temperatures much above atmospheric, 
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caution should be exercised in the use of nickel in acid stronger than 
about 25 per cent, and even with lower concentration, rates of 0.1 ipy. 
may be experienced. 

Inconel possesses fair resistance to sulfuric acid. In 5 per cent acid 
a rate of 0.08 ipy. has been observed in air-saturated acid, and 0.008 ipy. 
in air-free acid. In hot, air-saturated, 5 per cent acid the observed rate 
was 0.15 ipy. Inconel is practically free from corrosion by very dilute 
solutions of sulfuric acid as they are used in wool dyeing processes. 

A more complete description of corrosion in sulfuric acid solutions 
is given in another publication. 30 

Hydrochloric (Muriatic) Acid 

Monel and nickel are amongst the few, strong, wrought materials 
possessing useful resistance to corrosion by hydrochloric (muriatic) 
acid. Nickel is slightly superior to Monel in air-saturated acid under 
10 per cent concentration by weight at atmospheric temperature, and 
slightly inferior in air-free acid of any concentration and in air-saturated 
acid over 10 per cent concentration. The rates of corrosion increase uni¬ 
formly with the acid concentration, from about 0.03 ipy. in 1 per cent 
acid to 0.25 ipy. in 30 per cent acid when air-saturated, and from about 
0.01 ipy. in 1 per cent acid to 0.05 ipy. in 30 per cent acid containing no 
dissolved air or other oxidizing impurities. 

At elevated temperatures, corrosion increases rapidly, and, as a 
general rule, the use of Monel and nickel in hydrochloric acid at tempera¬ 
tures over 120° F. is confined to acid under 2 per cent concentration. At 
the same time, the difficulty in finding a superior, strong, malleable 
material often leads to the economical choice of either Monel or nickel 
for use under conditions outside the limits noted previously. Typical 
applications include steel pickling equipment, fruit washing machines 
and glass washing apparatus. 

Nickel is used extensively for chlorination equipment, as in the 
chlorination of paraffin, and the manufacture of aniline hydrochloride. 

Inconel possesses fair resistance to corrosion by hydrochloric acid. 
Tests in air-saturated, 5 per cent acid have shown a rate of corrosion 
of about 0.1 ipy. It should be used with caution in hot hydrochloric acid 
solutions, but has demonstrated excellent resistance to cold, aerated acid 

so Monel in Sulfuric Acid. Technical Bulletin T-3. March 1939. The International Nickel 
Company, Inc., New York, N. Y. 
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in concentrations under about 2 per cent by weight. Inconel has been 
found to be very satisfactory for handling mixtures of organic solvents 
with dilute hydrochloric acid, such as are employed in the processing 
of glandular extracts and compounds. 

Other Mineral Acids 

Monel, nickel and Inconel are resistant to hydrofluoric acid and to 
the mixtures of hydrofluoric acid and ammonium bifluoride that are 
used for glass etching. Tests in 6 per cent acid used for pickling cast 
iron showed a rate of corrosion of Monel of 0.0008 ipy. In unaerated, 
unagitated 48 per cent acid the rates were 0.004 ipy. at atmospheric 
temperature, and 0.05 ipy. 175° F. (83° C.). Monel is highly resistant 
to vapors containing fluorine compounds encountered in the manufacture 
of phosphoric acid from rock containing fluorides. 

The behavior of these materials in phosphoric acid solutions is de¬ 
termined principally by the purity of the acid, especially the amount of 
oxidizing impurities present. For this reason, they are not ordinarily useful 
in connection with equipment used in the treatment of phosphate rock 
with sulfuric acid. In the process of manufacture of phosphoric acid by 
phosphorus vaporization processes, Monel is used to a considerable 
extent in contact with fumes and vapors. 

Corrosion of Monel, nickel and Inconel is negligible in the low con¬ 
centrations of phosphoric acid encountered in certain beverage syrups. 

Monel, nickel and Inconel possess useful resistance to corrosion by 
solutions containing hydrogen sulfide, Inconel being superior to the 
others. At elevated temperatures, Inconel is considerably better than 
Monel or nickel, its upper useful temperature limit being about 1000° F. 
as compared with a limit of about 500° F. for Monel and nickel. 

Monel, nickel and Inconel should be used with caution in sulfurous 
acid solutions of appreciable concentration. Dilute solutions, such as are 
used in the preservation of fruits, may be handled successfully; 
Inconel is superior to Monel and nickel from the standpoint of resist¬ 
ing tarnishing. 


Organic Acids and Compounds 

All three high-nickel materials are highly resistant to corrosion by 
the common organic acids. Inconel is generally most resistant to dilute 
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acids (under 10 per cent) and Monel to more concentrated acids. Inconel 
is especially resistant to fatty acids at elevated temperatures. 

All three materials are useful in connection with the handling of acid 
foods; the facts that nickel is non-toxic, is not destructive to vitamins, 
and facilitates rapid heating, account for its frequent choice for food¬ 
processing equipment. 

Alkalies 

Nickel, Monel and Inconel are outstanding in their practically com¬ 
plete resistance to corrosion by alkaline solutions. Nickel is preferred 
where the product must be kept free from copper and iron, and for 
contact with highly concentrated solutions at elevated temperatures. 
Inconel is usually best for alkaline sulfur solutions, such as hot, con¬ 
centrated sodium sulfide solutions. However, under conditions of ex¬ 
posure such as those associated with pump impellers, nickel has been 
found to be most satisfactory because of its better retention of protective 
films. 

The presence of sulfur in fused caustic, as in “shading” operations, 
makes the use of nickel impractical for caustic pots. In the absence of 
sulfur, nickel forms a protective oxide and is second only to silver in 
resisting fused caustic. Nickel for this purpose should be fully annealed 
before exposure to the fused caustic. 

Inconel is resistant to anhydrous ammonia and ammonium hydroxide 
solutions under a wide variety of conditions. Nickel and Monel are 
resistant to anhydrous ammonia as used for refrigeration. In aqua am¬ 
monia, Monel resists solutions containing up to 3 per cent ammonia 
(NH 3 ) at atmospheric temperature; the limiting concentration of am¬ 
monia for nickel is about 1 per cent. If ammonium salts are present, 
the ammonia concentration limits for substantially no action on Monel 
and nickel are lower. “K” Monel is much more resistant than Monel 
and nickel to attack by stronger ammoniacal solutions. 

Wet and Dry Gases 

Monel, nickel and Inconel are unaffected by all common gases at 
atmospheric temperature, so long as the gases are dry. In the presence 
of appreciable moisture, all three materials are subject to corrosion 
by chlorine, bromine, and sulfur dioxide. Monel and nickel are corroded 
by wet ammonia, and nitric oxide, but Inconel is resistant. 
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Nickel is usefully resistant to chlorine at temperatures up to about 
950° F. 

None of these materials is usefully resistant to mixtures of nitrogen 
and hydrogen under conditions appropriate to ammonia synthesis. How¬ 
ever, Monel, containing less than 0.S per cent manganese, nickel and 
Inconel are useful in contact with cracking ammonia in nitriding opera¬ 
tions, with Inconel being superior to the other two. 

In reducing sulfur atmospheres, the upper useful temperature limit 
for Monel and nickel is about 500° F., and for Inconel about 1000° F. 
In oxidizing sulfur atmospheres the limiting temperatures are 600° F. 
for Monel and nickel, and 1500° F. for Inconel. In sulfur-free oxidizing 
atmospheres the limiting temperatures are 1000° F. for Monel, 1900° F. 
for nickel and 2000° F. for Inconel. 

In steam, Monel is unaffected below 700° F. to 800° F., nickel below 
800° to 900° F.; the upper useful limit for Inconel in steam has not 
been established, but it is above 1100° F. 31 

Molten Metals 

Monel, nickel and Inconel resist amalgamation by mercury up to 
about 700° F. Stress-equalizing annealing, without subsequent removal 
of oxide, is desirable prior to exposure to mercury. They should not be 
used in continuous contact with such molten metals as aluminum, tin, 
lead, solder, bismuth, antimony, zinc or brass. 


31 See Table J-10, Section J. 
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TABLE D-36 

Corrosive Media for Which Successful Uses of Monel, Nickel 
and Inconel Have Been Recorded 


Corrosive Medium 

Monel 

Is Used 

Nickel 

Is Used 

Inconel 

Is Used 

Acetaldehyde. 



Yes 

Acetic Acid*. 

Yes 

Yes 

Yes 

Acetic Anhydride. 

Yes 

Acetone . 

Yes 



Acetylene. 

Yes 

Yes 


Ai?ar Affar. 

Yes 


Air, Liquid. 

Yes 



Albumen, Egg. 

Yes 



Alcohol Ethyl and Methyl . 

Yes 

Yes 

Yes 

Alcohols, Sulfonated. 

Yes 

Yes 

Alnminoferric Liquor. 

Yes 


Aluminum Chloride. 

Yes 



Aluminum Sulfate. 

Yes 

Yes 


Alums*. 

Yes 

Yes 


Ammonia, Anhydrous. 

Yes 

Yes 

Yes 

Ammonia, Aqua*. 

Yes 

Yes 

Yes 

Ammonia Liquor*. 

Yes 

Yes 

Ammonium Bicarbonate. 

Yes 


Ammonium Bifluoride. 

Yes 



Ammonium Carbonate. 

Yes 



Ammonium Chloride. 

Yes 

Yes 


Ammonium Fluosilicate. 

Yes 


Ammonium Nitrate. 

Yes 



Ammonium Phosphomolybdate. 

Yes 



Ammonium Sulfate. 

Yes 

Yes 


Ammonium Sulfide. 

Yes 

Yes 

Ammonium Thiocyanate. 


Yes 

Amyl Alcohol. 

Yes 

Yes 


Amyl Acetate. 

Yes 

Yes 


Amyl Chloride. 

Yes 

Yes 


Amyl Cinnamic Aldehyde. 

Yes 


Aniline Dyestuffs. 

Yes 


Aniline Hydrochloride*. 

Yes 

Yes 


Antimony Chloride. 

Yes 


Arsenic Acid. 


Yes 

Aspirin. 

Yes 


Atmosphere. 

Yes 

Yes 

Yes 

Azo Dyestuffs. 

Yes 

Yes 

Balsams. 

Yes 


Barium Chloride. 

Yes 


Bauxite. 


Yes 


Beef Extract. 

Yes 


Beer. 

Yes 

Yes 


Beeswax. 

Yes 

Yes 


Beet Juice. 

Yes 

Yes 


Benzine. 

Yes 






* Corrosion rates are subject to wide variations under different conditions. Consult the 
Technical Service Section, Development and Research Division, The International Nickel Com¬ 
pany, Inc., 67 Wall Street, New York, N. Y., for recommendations. 
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TABLE D-36 (Cont.) 


Corrosive Medium 

Monel 

Is Used 

Nickel 

Is Used 

Inconel 

Is Used 


Yes 

Yes 



Yes 




Yes 




Yes 

Yes 



Yes 



Yes 



Bile . 

Yes 




Yes 




Yes 

Yes 



Yes 


Yes 


Yes 



Rloor'Vi I immr« fChlorine')*. 

Yes 

Yes 

Yes 


Yes 

Yes 

Yes 


Yes 

Yes 



Yes 

Yes 



Yes 




Yes 

Yes 

Yes 


Yes 




Yes 



Butter. 

Yes 

Yes 


Pntvraldphvde . 



Yes 

Riitvrir Acid . .. 

Yes 

Yes 

Yes 

Parlminm Sulfidf* . 

Yes 



Palniim Cflrhldp . 

Yes 



Caleinm Chloride . 

Yes 

Yes 

Yes 

vdlClUUi iuv^ . .. 

Puloiiim Dyfllfltp . 

Yes 


• • • 

v^dK/lUUl vyAaiotc.. 

Calcium Phosnhate Acid . 

Yes 



Calcium Sulfate. 

Yes 



P amnlinr . 

Yes 

Yes 

. . • 

Po np Tiiicp . 

Yes 



P arampl . 

Yes 



ParKnii ArtivatBfl . 

Yes 



Carbolic Acid (Phenol). 

Yes 

Yes 

Yes 

P a rhon at es Citrated . 

Yes 


Porhnn Rimilfide . 

Yes 

Yes 

. • . 

Carhon Black . 

Yes 



Parhnn Oioxide . 

Yes 

Yes 

Yes 

P a rhon Tptrachloride . 

Yes 

Yes 

Yes 

Casein. . . 

Yes 

Yes 


P anctir Potash . 

Yes 

Yes 


r^iiQtir SonR . 

Yes 

Yes 

Yes 

Celluloid . 

Yes 

Yes 


Cellulose Acetate . 

Yes 

Yes 


Cellulose Solutions . 

Yes 

Yes 


Cellulose Nitrate . 

Yes 

Yes 


p pmpnt Portland . 

Yes 



Cereals ....... 

Yes 


Yes 

p pfvl Alcohol . 


Yes 


Charcoal . 

Yes 

• • • 


Chicle . 

Yes 



Chile Saltoeter . 

Yes 

• • • 


Chlorine* . 

Yes 

Yes 
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TABLE D-36 (Cont.) 


'Corrosive Medium 

Monel 

Is Used 

Nickel 

Is Used 

Inconel 

Is Used 

Chloroform . ^ . 

Yes 

Yes 



Yes 

Yes 

Chocolate. 

Yes 

Yes 


Chromic Arid*. 

Yes 

Yes 


Chromium Fluoride . 

Yes 


Cider . 

Yes 





Yes 


Cinnamic. Aldehyde. 


Yes 


Citral . 


Yes 


Citric Acid *. 

Yes 

Yes 

Yes 

Clav. 

Yes 

Yes 


Clay Filler. 

Yes 

Yes 


Clay Slip. 

Yes 


Coagulating Rath (Viscose). 

Yes 

Yes 

Yes 

C oa 1 Gas. 

Yes 


Cobalt Linoleate. 

Yes 


Cocaine. 


Yes 


Cocoanut. 

Yes 


Coffee. 

Yes 



Condensation Products 

(Synthetic Resins). 

Yes 

Yes 

Yes 

Copper Cement* . 

Yes 


Copper Slimes. 


Yes 

Copper Sulfate*. 

Yes 


Yes 

Cosmetics. 

Yes 

Yes 

Yes 

Cream of Tartar . 

Yes 


Creams, Shaving. 

Yes 

Yes 


Cresylic Acid..*.... 

Yes 

Yes 


Cullet. 

Yes 


Cuprammonium Solutions. 

Yes 

Yes 

Yes 

Cuprous Oxide. 

Yes 


Dehairing Solutions. 

Yes 



Dextrine. 

Yes 

Yes 


Dextrose. 

Yes 

Yes 


Developers Photographic. 

Yes 

Yes 

Yes 

Diphenyl. 

Yes 

Yes 


Distillery Slop. 

Yes 


Dough, Bread. 

Yes 

Yes 


Dry Cleaning Solvents. 

Yes 

Yes 


Dye Liquors*. 

Yes 

Yes 

Yes 

Dyestuffs*. 

Yes 

Yes 

Yes 

Dynamite. 

Yes 

Yes 


Kau de Cologne. 

Yes 


Furrs . 

Yes 


Embalming Fluids. 

Yes 



Emulsions Photographic. 

Yes 

Yes 

Emulsions Silk Soaking. 

Yes 


Emulsions, Wax. 

Yes 



Endocrine Gland Extract. 

Yes 


Yes 





* Corrosion rates are subject to wide variations under different conditions. Consult the 
Technical Service Section, Development and Research Division, The International Nickel Com¬ 
pany, Inc., 67 Wall Street, New York, N. Y., for recommendations. 
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TABLE D-36 (Cont.) 


Corrosive Medium 

Monel 

Is Used 

Nickel 

Is Used 

Inconel 

Is Used 

Epsom Salts. 

Yes 



Ether, Petroleum. 

Yes 



Ethers. 

Yes 


Yes 

Ethyl Acetate. 

Yes 


Ethyl Cellulose. 

Yes 

Yes 


Ethyl Chloride. 

Yes 

Yes 


Ethylene. 

Yes 


Ethylene Dibromide. 

Yes 

Yes 


Ethylene Dichloride. 

Yes 

Yes 


Eucalyptol. 

Yes 


Explosives. 

Yes 

Yes 


Extracts. 

Yes 

Yes 

Yes 

Fatty Acids. 

Yes 

Yes 

Yes 

Ferric-Ferrocyanide. 

Yes 

Ferrous Sulfate. 

Yes 

Yes 


Fertilizer, Manure. 

Yes 


Fig Syrup. 

Yes 



Film, Photographic. 

Yes 

Yes 

Yes 

Finishes, Shoe and Leather. 

Yes 

Yes 

Yes 

Fish. 

Yes 

Yes 

Flour.... 

Yes 


Food Pulps. 

Yes 

Yes 

Yes 

F ormaldehyde. 

Yes 

Yes 

Yes 

Fluorides, Acid. 

Yes 

Formic Acid*. 

Yes 


Yes 

F reon. 

Yes 

Yes 

Frit. 

Yes 

Yes 


Frozen Foods. 

Yes 

Yes 


Fruit Juices. 

Yes 

Yes 

Yes 

Fur-dressing Solutions. 

Yes 

Furfural. 

Yes 



Gas, Illuminating. 

Yes 

Yes 


Gases of Combustion*. 

Yes 

Yes 

Yes 

Gasoline. 

Yes 

Yes 

Yes 

Gelatine. 

Yes 

Yes 

Yes 

Gin. 

Yes 

Yes 

Ginger Ale. 

Yes 

Yes 

Ginger Extract. 

Yes 


Glandular Compounds. 

Yes 

Yes 

Glass. 

Yes 

Yes 

Yes 

Yes 

Yes 

Glauber's Salt. 

Glucose. 

Yes 

Yes 


Glue. 

Yes 

Yes 

Yes 


Glutamic Acid. 

Yes 

Glycerine. 

Yes 

Yes 

Grain, Wet. 

Yes 

Yes 


Grape Juice. 

Yes 

Yes 

Yes 

Grapefruit Juice. 

Yes 

Yes 

Graphite. 

Yes 


Gum Arabic. 

Yes 

Yes 


Gypsum. 

Yes 

Yes 


Gum, Chewing. 

Yes 











































































CORROSION RESISTANCE 


TABLE D-36 (Cont.) 


Corrosive Medium 

Monel 

Is Used 

Nickel 

Is Used 

Inconel 

Is Used 

Gum Tragacanth Jelly. 

Yes 

Yes 


Heliotropine. 

Yes 


Hexane. 

Yes 


Hexyl resorcinol. 

Yes 

Yes 


Honey. 



Hydrobromic Acid* and Alcohol 

Yes 

Yes 


Hydrocyanic Acid. 

Yes 

Yes 


Hydrocarbons. 

Yes 

Yes 

Hydrochloric Acid*.. . 

Yes 

Yes 

Yes 

Hydrofluoric Acid. 

Yes 

Yes 


Hydrofluosilicic Acid. 

Yes 

Yes 

Yes 

Hydrogen. 

Yes 

Hydrogen Peroxide*. 

Yes 

Yes 

Yes 

Hydrogen Sulfide*. 

Yes 

Yes 

Yes 

Hydroquinone. 

Yes 

Yes 

Yes 

Hypo. 

Yes 

Yes 

Yes 

Ice Cream. 

Yes 

Yes 

Yes 

Inks. 

Yes 

Yes 


Insulin Extract. 

Yes 



Ionones. 


Yes 


Kerosene. 

Yes 

Yes 

Yes 

Kraut Juice. 

Yes 

Yes 


Lacquers. 

Yes 

Yes 


Lanolin. 



Laurine. 


Yes 


Lead Acetate. 

Yes 



Lead (Plastic). 

Yes 



Lemon Extract. 

Yes 

Yes 


Lemon Juice. 


Yes 

Yes 

Levulinic Acid. 


Yes 


Licorice. 

Yes 

Yes 


Lime. 

Yes 

Yes 


Limed Juice. 

Yes 



Linalyl Acetate. 


Yes 

Yes 

Liniment. 

Yes 



Litharge. 

Yes 

Yes 


Lithium Chloride. 

Yes 

Yes 


Lithopone. 

Yes 


Liver Extract. 

Yes 



Lobsters. 


Yes 


Locust Beans. 

Yes 



Lubricant (Drawing). 

Yes 



Lye. 

Yes 

Yes 

Yes 

Lysol. 

Macaroni Paste. 

Yes 

Yes 

Yes 

Yes 



Magnesium Chloride. 

Yes 

Yes 


Magnesium Hydroxide. 

Yes 

Yes 


Magnesium Sulfate. 

Yes 


Yes 

Malic Acid. 

Yes 

Yes 


* Corrosion rates are subject to wide variations under different conditions. Consult the 
Technical Service Section, Development and Research Division, The International Nickel Com¬ 
pany, Inc., 67 Wall Street, New York, N. Y., for recommendations. 
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TABLE D-36 (Cont.) 


Corrosive Medium 

Monel 

Is Used 

Nickel 

Is Used 

Inconel 
Is Used 


Yes 

Yes 

Yes 


Yes 

Yes 

Yes 


Yes 

Syrup . 

Yes 




Yes 



M a sh . 

Yes 

Yes 


Mayonnaise . 

Yes 

Yes 

Yes 

Mer^aptans . 

Yes 


Yes 

Merourf'f'hromo . 

Yes 



Mercuric Chloride* . 

Yes 


Yes 

Mercuric Todide. 

Yes 


Mprniry* . 

Yes 

Yes 

Yes 

Methyl Chloride . 

Yes 


Yes 




Yes 



Yes 


Milk* . 

Yes 

Yes 

Yes 


Yes 

Yes 


Milk Sugar . 

Yes 

Yes 


Mine Waters* . 

Yes 


Yes 

Molybdenum Oxide . 


Yes 

Mono-Sodium Glutamate. 

Yes 


Yes 

Mouth Washes . 

Yes 

Mucilage . 

Yes 

Yes 


M ustard . 

Yes 


Naphtha . 

Yes 

Yes 

Yes 

Naphthalene. 

Yes 


Nickel Acetate . . 

Yes 


Nickel Sulfate* . 

Yes 

Yes 


Nicotine Sulfate . 

Yes 

Yes 


Nitrocellulose . 

Yes 

Yes 


Nitroglycerine . 

Yes 


Nitrosyl Chloride. 

Yes 

Yes 


Nitrous Acid*. 

Yes 

Yes 

Yes 

Oil Acid Treated. 

Yes 


Yes 

Oil Anise. 

Yes 



Oil Cable Impregnating. 

Yes 



Oil Cake. 

Yes 



Oil Camphorated . 


Yes 


Oil Castor . 

Yes 

Yes 

Yes 

Oil Cedar Leaf. 

Yes 


Oil, Citronella. 

Yes 



Oil Cocoanut . 

Yes 

Yes 


Oil Cod Liver. 

Yes 

Yes 


Oil Cottonseed . 

Yes 

Yes 

Yes 

Oil Creosote . 

Yes 



Oils Essential . 

Yes 

Yes 

Yes 

Oil Fuel . 

Yes 

Yes 

Yes 

Oil Halibut Liver. 

Yes 

Yes 


Oil Lemon Grass. 

Yes 



Oil, Lime. 

Yes 



Oil Linseed. 

Yes 

Yes 

Yes 
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TABLE D-36 (Cont.) 


Corrosive Medium 

Monel 

Is Used 

Nickel 

Is Used 

Inconel 

Is Used 


Yes 


Yes 


Yes 

Yes 

Yes 


Yes 




Yes 






Yes 


Yes 




Yes 




Yes 


Yes 


Yes 

Yes 


Yes 




Yes 


Yes 


Yes 

Yes 

Oil Tall . 

Yes 


Yes 


Yes 

Yes 

Yes 


Yes 

Yes 

Yes 


Yes 

Yes 

Yes 


Yes 

Yes 



Yes 


Yes 

Hranorp P'Ytract . 

Yes 


urdllgc JLJJVLl del. 

Yes 

Yes 

Yes 

Wldllgc J . . 

Yes 




Yes 




Yes 




Yes 

Yes 



Yes 



Yes 

Yes 

Yes 

Palmitic ApiH . 

Yes 


Yes 

Yes 




Yes 



Yes 


Yes 


Yes 

Yes 


Yes 

Yes 

Yes 

P^rrlilnrptlivlpnp . 

Yes 

Yes 


icrclllUI cLii j idle . . .. 

Yes 

Yes 

Yes 


Yes 

Yes 

rcroxiuc ijiccil.ii . 

Pptrnlpnm* . 

Yes 

Yes 

Yes 

Pptrnlpnm F.thcr . 

Yes 



Pptrnlpnm (tQq . 

Yes 



Pptrolpiim TpIIv . 

Yes 


Yes 

IcLIUlcUlll JCH)'. 

Yes 

Yes 

Plmcnlinric Acid * . 

Yes 

Yes 


PhncnlinniQ PpntOXldp . 

Yes 



rnubpnui Uo i cii . . 

PViAcnlinriic OwcVlIoridp . 


Yes 


r IlUbuiiuruo uAyuiiDuut . 

PlincnlinniQ Tnrhloridp . 


Yes 

Yes 

JL IlUbpilLll UO 1 1 1LU1VJ1 .. 

PVi nf nora nine Sol litions* . 

Yes 

Yes 

1 ilULL/t 1 dL/lUC oui u Liuuo . 

PVitVmlic Acid . 

Yes 



PiVnc ApiH . 

Yes 



PicLlinff Solutions* . 

Yes 

i es 


1 IClLllll^ *Jvl UL1WUO .. 

Yes 





1 



•Corrosion rates are subject to wide variations under ainerem conuiuoiis. i 

Technical Service Section, Development and Research Division, The International Nickel Com¬ 
pany, Inc., 67 Wall Street, New York, N. Y., for recommendations. 
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CORROSION RESISTANCE 



TABLE D-36 (Cont.) 


Corrosive Medium 

Monel 

Is Used 

Nickel 

Is Used 

Inconel 

Is Used 

Pineapple Juice. 

Yes 

Yes 

Yes 

Pitch, Coal Tar. 

Yes 

Yes 


Pomace Juice. 


Yes 


Potassium Cyanide. 

Yes 



Potassium Chloride. 

Yes 

Yes 


Potassium Carbonate. 

Yes 

Yes 


Potassium Hydroxide. 

Yes 

Yes 


Potassium Iodide. 

Yes 

Yes 

Yes 

Potassium Nitrate. 

Yes 



Potassium Permanganate*. 

Yes 


Yes 

Potassium Sodium Tartrate. 

Yes 



Potatoes. 

Yes 



Powder, Smokeless. 

Yes 



Prestone. 

Yes 



Producer Gas. 

Yes 



Prune Juice. 

Yes 



Pulp, Cereal. 

Yes 



Pulp, Paper. 

Yes 

Yes 


Pyroligneous Acid. 

Yes 



Pyroxylin. 

Radium and Radium-Barium 

Yes 

Yes 


Concentrates. 

Yes 

Yes 


Rayon Hardening Baths (Viscose) 

Yes 

Yes 

Yes 

Resin (Natural). 

Yes 

Yes 


Resins (Synthetic). 

Yes i 

Yes 

Yes 

Rhubarb and Soda. 


Yes 


Rubber Latex. 

Yes 

Yes 


Saccharate Solutions. 

Yes 



Safrole. 

Yes 



Salicylic Acid. 

Yes 

Yes 


Salt Cake. 

Yes 



Salt, Common. 

Yes 

Yes 

Yes 

Sauerkraut. 

Yes 


Yes 

Serums. 

Yes 

Yes 

Yes 

Sewage. 

Yes 

Yes 


Sea Water*. 

Yes 

Yes 

Yes 

Shaving Creams. 

Yes 

Yes 


Shellac. 

Yes 



Shrimp. 

Yes 



Shoe Polish. 

Yes 



Silicon Fluoride. 

Yes 



Silver Nitrate*. 

Yes 


Yes 

Silver Solutions (Colloidal). 

Yes 



Sizing. 

Yes 

Yes 

Yes 

Slimes, Copper*. 

Yes 

. . • 

Yes 

Sludges, Acid. 

Yes 


Yes 

Slurry, Lime. 

Yes 

Yes 


Soap. 

Yes 

Yes 


Soap, Liquid. 

Yes 

Yes 


Soap, Olive Oil. 

Yes 



Soda Ash. 

Yes 

Yes 


Sodium, Metallic. 

Yes 

Yes 
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CORROSION RESIST A NC E 


TABLE D-36 (ContJ 


Corrosive Medium 

Monel 

Is Used 

Nickel 

Is Used 

Inconel 

Is Used 


Yes 

Yes 



Yes 

Yes 



Yes 

Yes 



Yes 

Yes 



Yes 

Yes 

Yes 


Yes 


Sodium dutamate. 

Yes 



Sodium Hydrosulfite. 

Yes 

Yes 

Yes 

,^<xliurn Hydroxide. 

Yes 

Yes 

Yes 


Yes 



Yes 




Yes 



Sodium Nitrate . 

Yes 




Yes 

Yes 

Yes 


Yes 



Yes 



Yes 



Sodium Salicylate. 

Yes 

Yes 


Sodium Silicofluoride. 

Yes 


Sodium Stannate. . 

Yes 


Sodium Sulfate . 

Yes 

Yes 

Yes 

Sodium Sulfide . 

Yes 

Yes 

Yes 

Sodium Sulfite . 

Yes 


Sodium Thioarsenate. 

Yes 



Sodium Thiosulfate. 

Yes 

Yes 

Yes 

Soya Bean Sauce. 

Yes 


Spices. 

Yes 



Spin Bath Liquor (Viscose). 

Yes 

Yes 

Yes 

Starch . 

Yes 

Yes 

Yes 

Steam . 

Yes 

Yes 

Yes 

Stearic Acid. 

Yes 

Yes 

Yes 

Steep Water . 

Yes 


Strychnine Salts. 

Yes 



Sugar. 

Yes 

Yes 

Yes 

Sulfate Liquor. 

Yes 

Yes 

Yes 

Sulfur (Alkaline Colloidal). 

Yes 



Sulfur Chloride*. 

Yes 

Yes 


Sulfuj* Dioxide*. 

Yes 

Yes 

Yes 

Sulfur Monochloride. . 

Yes 

Yes 


Sulfuric Acid*. 

Yes 

Yes 

Yes 

Syrup, Corn. 

Yes 

Yes 


Syrups, Cough. 

Yes 


Syrup, Maple. 

Yes 

Yes 


Syrups, Sugar. 

Yes 

Yes 


Syrup Xylose. . 

Yes 



Talcum Powder . 

Yes 



Tallow. 

Yes 

Yes 

Yes 

Tamoiner . 

Yes 



Tannic Acid. 

Yes 

Yes 

Yes 





* Corrosion rates are subject to wide variations under different conditions. Consult the 
Technical Service Section, Development and Research Division, The International Nickel Com¬ 
pany, Inc., 67 Wall Street, New York, N. Y., for recommendations. 


• 86 - 









































































C O R R O SION RESISTANCE 


TABLE D-36 (Cont.) 


Corrosive Medium 

Monel 

Is Used 

Nickel 

Is Used 

Inconel 

Is Used 

Tannincr Rxtrarts . 

Yes 


Yes 


Yes 

Yes 

Yes 

Tar. 

Yes 


Yes 


Yes 

Yes 


T ea. 

Yes 




Yes 





Yes 


Thiourea. 


Yes 


Thymol . 


Yes 


Tetffl ethyl Lead. 


Yes 


Tin Tetrachloride*. 

Yes 

Yes 


Titanium Sulfate. 

Yes 




Yes 



T ohareo. 

Yes 

Yes 


Tomato Pulp and Paste . 

Yes 

Yes 

Yes 

Toilet Waters. 

Yes 



Toothpastes. 

Yes 

Yes 


Trichlorethylene. 

Yes 

Yes 


Tricresyl Phosphate. 

Yes 



Trimethyl pentane. 

Yes 


Tri-Sodium Phosphate. 

Yes 


. • • 

Tungstic Oxide. 

Yes 

Yes 

Yes 

T urpentine. 

Yes 

Yes 


XJ rea . 

Yes 



Uric Acid. 

Yes 



Vaccines. 

Yes 


Yes 

Vanadium Oxide. 

Yes 


Yes 

Vanilla . 

Yes 

Yes 

Yes 

Vanilla (Synthetic) . 

Yes 


Varnish. 

Yes 

Yes 

Yes 

Vegetable Juices. 

Yes 

Yes 

Yes 

Vinegar*. 

Yes 

Yes 

Yes 

Viscose. 

Yes 

Yes 

Yes 

Water . 

Yes 

Yes 

Yes 

Water Distilled . 

Yes 

Yes 

Yes 


Yes 



Waters, Mineral. 

Yes 

Yes 


Water, Sea. 

Yes 

Yes 

Yes 

Wax Chlorinated. 


Yes 


Paraffin . 

Yes 



Wines . 

Yes 

Yes 

Yes 

Witch Hazel . 


Yes 


Whiskey. 

Yes 

Yes 


Yeast . 

Yes 

Yes 


Zinc Chloride. 

Yes 

Yes 


Zinc Diethyldithiocarbamate. 

Yes 



Zinc Sulfate. 

Yes 

Yes 

Yes 




















































































TABLE D-37 

Specific Dcrta on the Resistance of Monel, Nickel and Inconel to Corrosion by Several Typical Media 


CORROSION RESISTANCE 
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TABLE D-37 (Coat.) 


CORROSION RESISTA N C E 
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* Milligrams per square decimeter per day (24 hours), 
t Inch penetration per year (365 days). 











































































CORROSION RESIS T ANCE 
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* Milligrams per square decimeter per day (24 hours). 
+ Inch penetration per year (365 days). 









































































































































Corrosion Rate 


COR ROSION RESISTANCE 
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PHYSICAL CONSTANTS 

ELECTRICAL, MAGNETIC, PHYSICAL AND 
THERMAL PROPERTIES 

M ONEL, Inconel, nickel and the other mill products are white in 
color, and may be ground and polished to any of the mechanic¬ 
ally produced effects obtainable on “white metals,” from a sandblast 
finish to one of high lustre equal to that of buffed nickel-plated and 
chromium-plated products. The high strength and hardness of these 
materials and their good resistance to most corrosive media insure pro¬ 
tection from mechanical damage, and a high degree of retentivity of the 
polished surfaces. 

The thermal expansion of these materials is relatively low and 
"slightly higher than that of steel. This reduces thermal stresses and 
buckling associated with local applications of heat, and simplifies the 
construction and use of equipment in which these materials are used 
in conjunction with steel. 

The high melting points of these materials, particularly nickel, are 
useful in high-temperature applications. 

The thermal conductivity of nickel gives it an advantage over other 
materials of comparable strength and corrosion resistance used for heat- 
conducting purposes in processing equipment. 

The non-magnetic properties of “K”* Monel are invaluable where 
a high-strength, corrosion-resisting, non-magnetic material is required. 

The summary in Table E-l gives the commonly used physical con¬ 
stants of Monel, “K” Monel, nickel and Inconel. The curves in Figs. 
E-l to E-4 give thermal expansion data over a wide range of tempera¬ 
tures. Additional data are given in Section I. 

In calculating the extent of expansion between any two temperature 
limits, engineers commonly use a mean coefficient of expansion. Figs. 
E-l to E-4 show the total expansion in inches per inch when the alloys 
are heated from 0° F. to various elevated temperatures. By reading from 
the curve at any two temperatures, the net expansion in inches per inch 

*Reg. U. S. Pat. Off. 
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PHYSICAL CONSTANTS 


is found. If this net expansion be divided by the actual temperature 
difference, the mean coefficient between the temperatures is obtained. 

For example, Monel at 200° F. shows 0.00144 in. per in. expansion 
from 0° F., and at 900° F. shows 0.00799 in. per in. The difference is 
0.00655 in. per in. expansion between 200° F. and 900° F. Divided by 
(900—200) or 700, this figure gives the mean coefficient of 0.0000094 
in. per in. per ° F. between 200° F. and 900° F. 

The upper curve of each chart shows the instantaneous coefficient of 
expansion at various temperatures. These values represent slopes of the 
total expansion curve and may be used for approximate comparisons of 
metals. In making these comparisons between metals, however, the in¬ 
stantaneous value at any temperature may be used as a basis. 


Magnetic Properties of Nickel and High-nickel Alloys 

Nickel, when placed in a magnetic field, substantially increases the 
magnetic flux over that which would exist in its absence—a property 
shown also by cobalt and iron. Nickel can be magnetized and demagnet¬ 
ized easily; in other words, it is magnetically fairly “soft.” The shape of 
the magnetizing curve will vary with the prior treatment of the metal 
and with traces of carbon and other elements which may be present in it. 
Values for the magnetic properties of well-annealed, commercially pure 
nickel are shown in Table E-2. 


TABLE E-2 

Magnetic Properties of Nickel 


Initial permeability, ju, 0 . HO 

Maximum permeability, p. M . 600 

Saturation, gauss.6,100 

Hysteresis loss at saturation, erg/cm.^.3,000 

Residual induction, gauss.3,600 

Coercive force, oersted. 3.4 

Curie temperature, ° C. 360 


Pure nickel becomes substantially non-magnetic when heated above 
approximately 354° C., but upon cooling it again becomes magnetic. 
This magnetic transformation, similar to a change occurring in iron and 
cobalt at considerably higher temperatures, does not involve a change 
in crystal structure. The temperature at which a metal or alloy shows 
this loss in magnetic properties is known as the Curie temperature. 





























PHYSICAL C ONSTANTS 




Fig. E-l —Thermal expansion of Monel. 








































































































































































































































































































































































































PHYSICAL CONSTANTS 
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PHYSIC AL CONSTANTS 


Alloying elements, other than cobalt and iron, in solid solution in nickel 
lower the Curie temperature. Sufficient copper is present in Monel to 
lower the Curie temperature considerably, so that while it is usually 
magnetic at room temperature it will become non-magnetic when warmed 
mildly. 

Monel containing about 1.25 per cent of silicon is non-magnetic at 
room temperature, while “K” Monel contains sufficient aluminum to 
remain non-magnetic down to about —150° F. in the age-hardened con¬ 
dition and to about —210° F. in the soft (quenched) and cold-worked 
conditions. The magnetic properties of the alloy are not affected by 
cold working. Chromium also lowers the Curie temperature rapidly; 
as a result, Inconel, containing 12 to 14 per cent chromium, remains 
non-magnetic down to about —40° F. in both the annealed and hard- 
rolled conditions. 

The non-magnetic characteristics of Inconel and “K” Monel make 
these alloys very useful where magnetic disturbances must be avoided, 
or where eddy current effects must be minimized and a strong, corro¬ 
sion-resistant material is required. Important applications are found in 
aircraft structures and instruments, in magnetic oil-well surveying 
equipment and in the vicinity of high-current conductors. An impor¬ 
tant development is the use of “K” Monel for wrapping power cables 
where a strong non-magnetic, corrosion-resistant protective layer is 
necessary. 

It is evident from Table E-2 that the magnetic properties of com¬ 
mercially pure nickel are not such as to make it broadly useful for simple 
magnetic structures except where corrosion resistance is important; as 
in certain types of solenoid valves and the like, and as a corrosion-resist¬ 
ing electroplate for iron parts to minimize rusting with a minimum effect 
on the reluctance of joints between parts of the magnetic circuit. How¬ 
ever, nickel and certain high-nickel alloys have the property of shorten¬ 
ing slightly in length when magnetized strongly. Use is made of this 
property, called magnetostriction, in supersonic vibrators used for treat¬ 
ing emulsions, settling dust and for studying the effects of cavitation. 
Use is also made of magnetostriction in submarine signalling devices 
and strain-measuring instruments. 
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MECHANICAL PROPERTIES OF WROUGHT MONEL, 
INCONEL, NICKEL AND NICKEL ALLOYS 


TENSION 

R ANGES of hardness and mechanical properties in tension for 
• wrought Monel, “R”* Monel, “K”* Monel, nickel, “Z”* Nickel 
and Inconel are given in Tables F-l to F-6, and are presented graphically 
in Figs. F-l to F-9 inclusive. These values have been summarized from 
mill records and cover commercial sizes of rounds, squares, hexagons, 
flats, forgings, wire, sheet, strip, plate and tubing. 

Similar data for cast products are included in Section O. 

TORSION 

The unusually high ductility of wrought nickel and high-nickel alloys, 
even though associated with high strength and hardness, is reflected in 
the torsional properties listed in Tables F-7 and F-8. In torsion testing, 
the gradient in strain from center to surface of the specimen renders the 
measurement of yield strength by the usual method impractical. There¬ 
fore, Johnson’s apparent elastic limit is given as being the most useful 
engineering approximation. This value is taken at the point on the stress- 
strain diagram at which the rate of deformation is SO per cent greater 
than it is at the origin. 

MODULUS OF ELASTICITY 

The moduli of elasticity, in tension and in torsion, and Poisson’s 
ratios, are given in Table F-9. 

THE RELATION OF PER CENT ELONGATION TO GAUGE 
LENGTH FOR MONEL ROD, SHEET AND STRIP 

The curves in Figs. F-10 and F-ll are useful in tensile testing when 
the specimen size is too small to allow the use of standard gauge lengths. 
The curves correspond to 0.505-in. diam. and 0.030-in. thick specimens, 
respectively, and are not applicable to other sizes. 


* Reg. U. s. Pat. Off. 















Proportional Limit (0.00% offset), Yield Strength (0.2% offset), and Tensile Strength 
Thousand Pounds per Square Inch 


PROPERTIES OF MONEL, INCONEL, NICKEL AND NICKEL ALLOYS 


MONEL 
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F IG . F-l —Average tensile properties of Monel rods and forgings. 
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Elongation (% in2 in.), Reduction of Area {%) 










































































































PROPERTIES OF MONEL, INCONEL, NICKEL AND NICKEL ALLOYS 


MONEL 
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Fig. F-2 —Average tensile properties of Monel sheet and strip. 
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Proportional Limit, Yield Strength (0.2% offset) and Tensile Strength 
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Elongation (%in 2in.) and Reduction of Area (%) 

















































































PROPERTIES OF MONEL, INCONEL, NICKEL AND NICKEL ALLOYS 


“K” MONEL 



Fig F-S —Average tensile properties of hot-rolled and forged, age-hardened 
“K" Monel rods. 
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Elongation (% in 2in.) and Reduction of Area (%) 


















































Proportional Limit (0.00% offset), Yield Strength (0.2% offset), 
and Tensile Strength - Thousand Pounds per Square Inch 


PROPERTIES OF MONEL, INCONEL, NICKEL AND NICKEL ALLOYS 


NICKEL 
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Fig. F-6— Average tensile properties of hot-rolled, forged and cold-drawn 

nickel rods. 


Elongation {% in 2 in ), Reduction of Area (%) 

































































PROPERTIES OF MONEL, INCONEL, NICKEL AND NICKEL ALLOYS 


NICKEL 
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Fi G , F-7 —Average tensile properties of cold-rolled nickel sheet and strip. 
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INCONEL 
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Rockwell “B” Hardness 
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Annealed-*+ 
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Fig. F-8 —Average tensile properties of hot-rolled and cold-drawn Inconel 

rods. 
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INCONEL 



Rockwell “B” Hardness 
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Fig. F-9 —Average tensile properties of Inconel sheet and strip. 
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TABLE F-l 


Monel—Ranges of Standard Forms 


Form and Condition 

Tensile Properties 

Hardness 

Yield 
Strength 
(0.01% 
offset)* 
1000 psi. 

Yield 
Strength 
(0.20% 
offset) 
1000 psi. 

Tensile 

Strength 

1000 psi. 

Elonga¬ 
tion 
in 2 in. 
per cent 

Reduc¬ 
tion 
of Area 
per cent 

Brinell 
3000 kg. 

Rockwell 

B 

Rod and Bar 

Cold-drawn 

Annealed. 

As-drawn. 

Hot-rolled. 

Forged . 

20-30 

45-95 

30-55 

25-65 

25-40 

60-120 

40-65 

40-85 

70-85 

85-125 

80-95 

80-110 

50-35 

35-15 

45-30 

40-20 

75-60 

70-50 

75-60 

70-60 

110-140 

160-250 

140-185 

140-220 

60-75 
85-23f 
75-90 
75-98 

Wire 

Cold-drawn 

A nnpa IpH 


25-40 

80-100 

100-130 

130-160 

70-85 

95-110 

110-140 

140-170 

50-30 

20-5 

15-4 

10-2 



No 1 temper 





Rpanlar-tpm opt 





JLY.CI&U1CLI 1 ...... 

Spring. 










Plate 

Hot-rolled 

Annealed. 

As-rolled. 

20-30 

25-70 

25-45 

40-90 

70-85 

80-110 

50-30 

45-20 


110-140 

140-220 

60-75 

75-98 

Sheet and Strip 

Standard cold-rolled sheet 
Special cold-rolled sheet 
and strip 

Annealed 


25-45 

25-45 

90-110 

90-130 

45-65 

65-85 

65-85 

100-120 

100-140 

78-85 

50-20 

50-20 

15-2 

15-2 

40-20 



61-73 

61-73 

94 min. 
98 min. 
74-89 

Hard sheet 




Full-hard strip. 

No. 35 sheet. 




Tubing, cold-drawn 

Annealed 


25-35 

60-120 

65-85 

90-125 

50-20 

20-10 



55-70 

8|-23t 

As-drawn 









# Proof Stress 
t Rockwell C Scale 


TABLE F-2 


"R" Monel—Ranges of Standard Forms 




Tensile Properties 


Hardness 

Form and 
Condition 

Yield Strength 
(0.20% offset) 
1000 psi. 

Tensile 
Strength 
1000 psi. 

Elongation 
in 2 in. 
per cent 

Reduction 
of Area 
per cent 

Brinell 
3000 kg. 

Rockwell 

B 

Rod and Bar 
Cold-drawn 
Annealed. . 

25-40 

70-85 

50-35 

70-55 

110-140 

60-75 

As-drawn.. 

50-100 

80-115 

35-15 

65-50 

150-230 

80-100 

Hot-rolled 
Annealed. . 

25-40 

70-85 

50-35 

70-55 

110-140 

60-75 

As-rolled. . 

35-60 

75-90 

45-25 

70-50 

130-170 

70-85 

Wire 

Cold-drawn 
Annealed. . 

25-40 

70-85 

50-30 




As-drawn.. 

75-130 

90-140 

15-4 
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TABLE F-3 


"K" Monel—Ranges of Standard Forms 


Form and Condition 

Tensile Properties 

Hardness 

Yield 
Strength 
(0.01% 
offset)* 
1000 psi. 

Yield 
Strength 
(0.20% 
offset) 
1000 psi. 

Tensile 
Strength 
1000 psi. 

Elonga¬ 
tion 
in 2 in. 
per cent 

Reduc¬ 
tion 
of Area 
per cent 

Brinell 
3000 kg. 

Rockwell 

C 

Rod and Bar 








Cold-drawn 








Annealed. 


40-60 

90-110 

45-35 

70-50 

140-180 

75f-90t 

Annealed, age-hardened. 

70-100 

90-110 

130-150 

30-20 

50-30 

240-260 

21-25 

As-drawn. 


70-100 

100-125 

35-15 

65-45 

175-250 

8-23 

As-drawn, age-hardened. 

80-125 

100-130 

140-170 

30-15 

50-25 

260-320 

25-33 

Hot-rolled 








As-rolled. 


40-85 

90-120 

45-30 

70-50 

140-225 

75f-18 

As-rolled, age-hardened. 

80-110 

100-120 

135-160 

30-20 

50-25 

260-300 

25-31 

Forged 

As-forged. 


40-90 

90-120 

40-25 

65-40 

140-240 

75f-100t 

As-forged,age-hardened. 

80-115 

100-125 

135-165 

30-20 

50-25 

260-310 

25-32 

Wire 








Cold-drawn 








Annealed . 


40-60 

90-110 

45-30 




Annealed, age-hardened. 


90-110 

130-150 

30-15 




Spring. 


130-155 

145-175 

4-2 




Spring, age-hardened . . . 


150-175 

170-200 

8-3 




Strip 








Cold-rolled 








Soft. 


50-65 

90-105 

45-30 



75f-85f 

Soft, age-hardened. 


90-110 

130-150 

25-10 



20-30 

Half-hard . 


85-105 

125-145 

20-10 



15-28 

Half-hard, age-hardened 


110-130 

150-180 

15-5 



28-35 

Full-hard. 


105-120 

145-165 

8-2 



25-32 

Full-hard, age-hardened 


125-145 

170-200 

10-2 



33-40 


* Proof Stress 
t Rockwell B Scale 
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TABLE F-4 

Nickel—Ranges of Standard Forms 

Tensile Properties 


Form and Condition 


Rod and Bar 
Cold-drawn 
Annealed. 
As-drawn. 
Hot-rolled.. 
Forged. 


Wire 

Cold-drawn 

Annealed. 

No. 1 temper— 
Regular-temper. 
Spring. 


Yield 
Strength 
( 0 . 20 % 
offset) 
1000 psi. 


15-30 

40-90 

15-30 

20-80 


Plate 

Hot-rolled 
Annealed. 
As-rolled. 


Sheet and Strip 

Standard cold-rolled sheet. . 
Special cold-rolled sheet and 
strip 

Annealed. 

Hard sheet. 

Full-hard strip. 


Tubing 

Cold-drawn 
Annealed, 
As-drawn. 


15-30 

75-90 

90-130 

130-155 


15-30 

20-75 


15-30 


15-30 

70-105 

70-115 


Tensile 
Strength 
1000 psi. 


60-80 

65-115 

65-80 

65-105 


15-30 

50-80 


60-80 

90-105 

105-140 

135-165 


60-80 

70-100 


60-80 


60-80 

90-115 

90-130 


60-80 

80-95 


Elonga¬ 
tion 
in 2 in. 
per cent 


50-35 

35-15 

50-35 

40-25 


50-30 

20-5 

15-4 

10-2 


Reduc¬ 
tion 
of Area 
per cent 


75-60 

70-50 

75-60 

70-50 


50-35 

45-30 


50-35 


50-35 

15-2 

15-2 


50-35 

25-15 


Hardness 


90-120 

125-230 

90-120 

90-200 


90-120 

100-200 


40-65 

70-100 

40-65 

40-95 


40-65 

50-100 


40-70 


40-70 
92 min. 
96 min. 


40-65 

80-100 


TABLE F-5 

'Z" Nickel—Ranges of Standard Forms 


Form and Condition 


Rod and Bar 
Cold-drawn 

Annealed. 

As-drawn. 

As-drawn, age-hardened.. 
Hot-rolled 

As-rolled. 

As-rolled, age-hardened.. 


Wire 

Cold-drawn 

Annealed. 

Annealed, age-hardened. 

Spring, as-drawn. 

Spring, age-hardened- 


Strip 

Cold-rolled 

Soft. 

Soft, age-hardened. 

Half-hard. 

Half-hard, age-hardened. 

Full-hard. 

Full-hard, age-hardened. 


Tensile Properties 


Yield 
Strength 
( 0 . 20 % 
offset) 
1000 psi. 


30-60 

50-130 

120-150 

35-85 

120-140 


30-60 


30-60 


Tensile 
Strength 
1000 psi. 


90-120 

100-150 

160-190 

90-120 

160-180 


90-120 

160-190 

150-200 

190-250 


90-120 

150-190 

130-155 

160-210 

155-190 

180-230 


Elonga¬ 
tion 
in 2 in. 
per cent 


50-25 

35-15 

20-7 

50-25 

20-10 


40-25 

15-7 

5-2 

10-5 


50-25 

20-10 

15-3 

20-7 

10-2 

15-5 


Reduc¬ 
tion 
of Area 
per cent 


65-45 

60-40 

30-15 

65-45 

30-15 


Hardness 


Brinell 
3000 kg. 


140-180 

175-300 

300-380 

150-225 

300-350 


Rockwell 

C 


75t-90t 

8-31 

31-40 

0-18 

31-38 


75t-90f 

30-40 

25-34 

33-42 

30-40 

36-46 


t Rockwell B Scale 
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TABLE F-6 

Inconel—Ranges of Standard Forms 


Form and Condition 

Tensile Properties 

Hardness 

Yield 
Strength 
(0.20% 
offset) 
1000 psi. 

Tensile 
Strength 
1000 psi. 

Elonga¬ 

tion 

in 2 in. 
per cent 

Reduc¬ 
tion 
of Area 
per cent 

Brinell 
3000 kg. 

Rockwell 

B 

Rod and Bar 

Cold-drawn 

Annealed. 

As-drawn. 

Hot-rolled 

As-rolled. 

Annealed. 

Forged. 

25-50 

70-125 

35-90 

25-50 

35-90 

80-100 

95-150 

85-120 

80-100 

85-120 

50-35 

30-15 

45-30 

50-35 

45-20 

70-60 

60-40 

65-50 

70-60 

65-50 

120-170 

180-290 

140-210 

120-170 

140-210 

65-85 

8*-30* 

75-95 

65-85 

75-95 

Wire 

Cold-drawn 

Annealed. 

Regular-temper. 

Spring. 

25-50 

115-165 

150-175 

80-105 

130-175 

165-185 

50-25 

12-3 

10-2 




Plate 

Hot-rolled 

Annealed. 

As-rolled. 

30-60 

45-95 

85-110 

100-140 

50-35 

40-20 


120-170 

160-240 

65- 85 
85-100 

Sheet and Strip 

Standard cold-rolled sheet 
and strip 

Annealed. 

Hard sheet. 

Full-hard strip. 

30-45 

90-125 

120-160 

80-100 

125-150 

145-170 

50-35 

15-2 

10-2 



65-85 

21*-26* 
27 min.* 

Tubing 

Cold-drawn 

Annealed. 

As-drawn. 

♦ RnoWpll f 1 

30-50 

65-140 

80-100 

110-160 

50-35 

20-2 



65-85 

8*-35* 


TABLE F-7 

Torsional Properties of Monel, "K" Monel, Nickel and Inconel 


Materia! 

Condition 

Yield 
Strength 
(0.00% offset)* 
1000 psi. 

Johnson’s 
Apparent 
Elastic Limit 
1000 psi. 

Angle of Twist 
deg. per in. 

Monel 

Hot-rolled. 

19-32 


340 


Cold-drawn. 

45-58 

50-67 

“K” 

Hot-rolled. 

27 

29 

620 

Monel 

Hot-rolled, age-hardened. . 

57 

67 

104 


Cold-drawn. 

48 

55 

360 


Cold-drawn, age-hardened. 

62 

71 

76 

Nickel 

Cold-drawn. 

48 

63 

340 

Inconel 

Cold-drawn. 

50-60 

54-70 

302 


5.08Mt 


* Proportional limit; Formula S 




















































































































































PROPERTIES OF MONEL, INCONEL, NICKEL AND NICKEL ALLOYS 


The greater the diameter or thickness of the test specimen, the higher 
is the elongation value for the same gauge length. Using a 2-in. gauge 
length, elongations of 42, 48 and 71 per cent were obtained with test 
specimens from the same rod machined to 0.357-, 0.505- and 1.515-in. 
diam., respectively. Similarly prepared sheet specimens, 0.025-, 0.057- 
and 0.125-in. thick, gave elongation values of 43, 45 and 52 per cent, 
respectively, in a 2-in. gauge length. 


Directions For Use 

(1) A hot-rolled Monel rod has an elongation of 40 per cent in 2 in. 
The corresponding approximate elongation in a 5.05-in. gauge length is 
desired. Using Fig. F-10, follow the curve, which intersects the 2-in. 
abscissa, to the right until it intersects the 5.05-in. abscissa. A value of 
28 per cent is indicated. 

(2) A small Monel strip specimen has an elongation of 47 per cent 
in 1 in. The corresponding approximate elongations in 2 in. and in 8 in. 



Fig. F-10 —Relation of per cent elongation to gauge length for Monel rods. 
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are desired. Using Fig. F-ll, follow the curve, which intersects the 1-in. 
abscissa, to the right until it intersects the 2-in. and the 8-in. abscissae. 
Values of 40 per cent in 2 in. and 32 per cent in 8 in. are obtained. 



Gauge Length - Inches 

Fig. F-ll —Relation of per cent elongation to gauge length for Monel sheet 

and strip . 


HARDNESS 

STANDARD TESTING METHODS 

Rockwell and scleroscope hardness values for nickel, Monel and 
Inconel sheet and strip in their several commercial tempers are sum¬ 
marized in Table F-10. 

Hardness is that property of a material which enables it to resist 
plastic deformation. The method of deformation—penetration, indenta¬ 
tion, or scratching—determines the type of hardness. With few excep¬ 
tions, hardness determinations, or measurements, are suitable methods 
for non-destructive testing. Hardness of metals and alloys, although 
important from an engineering standpoint, is a qualitative rather than a 
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quantitative indication of strength. It cannot be considered a quantita¬ 
tive substitute for strength factors and ductility factors in tension and 
in torsion, nor to be indicative of the endurance limit. Resistance to ero¬ 
sion by steam, oil and water generally increases with hardness. 

No one method of hardness testing is applicable to all shapes of 
wrought materials; therefore, several types of hardness-testing machine 
have been developed. Four machines are used most often, viz.: Brinell, 



Fig. F-12— Approximate relationship between Brinell , Rockwell and Vickers 
hardnesses for nickel and high-nickel alloys. 


Rockwell, Vickers and Scleroscope. Brief descriptions and limitations 
of each of these methods are given in the following paragraphs. The con¬ 
version chart, Fig. F-12, shows the approximate relations between Brinell. 
Rockwell and Vickers hardness numbers for nickel and high-nickel alloys. 
The relations between Rockwell hardness and mechanical properties have 
been given in Figs. F-l to F-9. 


# 
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Brinell 

The method is not suitable for sections less than approximately %-in. 
thick depending upon hardness. A 10-mm. diam. hardened steel ball is 
impressed into a flat and reasonably scratch-free surface of a metal under 
loads of 3000 kg. for 15 to 30 sec., or 500 kg. for 30 to 60 sec.; the latter 
is used only with soft metals and alloys. The sample under test must be 
supported firmly in such a way that the load acts in a direction normal 
to the specimen. The diameter of the impression produced by the ball is 
measured with the aid of a microscope and converted, from a chart, to a 
number (BHN) that is the pressure in kg. divided by the area of the 
indentation in sq. mm. In the overlapping regions of use of the 500- and 
3000-kg. loadings, the same sample does not show the same BHN for 
each load. 

Values are expressed as, for example; 

250 BHN (3000 kg.) 

100 BHN (500 kg.) 


Rockwell 

The depth of permanent penetration by a steel ball, or diamond cone 
(Brale), under standard applied load, is measured. A smooth (at least 
80-grit emery) and flat specimen surface is necessary. Results from tests 
on curved surfaces require notation of the radius of curvature for proper 
interpretation. After the application of a preliminary load of 10 kg., the 
recording dial is “set” and the major load applied. When the dial pointer 
comes to rest, indicating that further penetration has ceased, the major 
load is released and the hardness read directly from a reversed scale on 
the indicator dial. The hardness value is as a number which is derived 
by subtracting the penetration from an arbitrary constant. 

Values are expressed as, for example; 

88 R b 
30 R c 

Several scales, of which only “B” and “C” are used normally, are 
available as indicated in Table F-ll 1 . 

1 A. S. M. Handbook (1939). 


« 


•22 • 












PROPERTIES OF MONEL, INCONEL, NICKEL AND NICKEL ALLOYS 


TABLE F-ll 

Rockwell Hardness Scales 



Desig¬ 
nation 
of Scale 

Used For 

Major 

Load 

kg. 

Type of 
Penetrator 

Read on Dial 

A 

Cold-rolled products, case-hard¬ 
ened and nitrided steel. 

60 

Diamond cone 
(Brale) 

Black Numbers 

(outside the graduation) 

B 

Standard. 

100 

14-in. ball 

Red Numbers 

(inside the graduation) 

C 

Standard. 

150 

Diamond cone 
(Brale) 

Black Numbers 

D 


100 

Diamond cone 
(Brale) 

Black Numbers 

E 

Die castings and soft metals.... 

100 

H- in. ball 

Red Numbers 

F 

Annealed brass. 

60 

14-in. ball 

Red Numbers 

G 

Phosphor bronze. 

150 

14-in. ball 

Red Numbers 

H 


60 

y 8 - in. ball 

Red Numbers 







Vickers 

This method is the most reliable measure of hardness. The principles 
involved are practically identical with those of the Brinell method. A 
selected load of 1 to 120 kg. is impressed with a pyramidal diamond 
indenter at a point upon a carefully polished surface of the specimen. 
The hardness number is the ratio of the impressed load to the area of 
resulting indentation, has the same dimensions as the Brinell number, 
namely kg./mm. 2 , and is obtained by micrometric reading of the impres¬ 
sion diagonal and subsequent reference to standard charts. It is practically 
constant irrespective of the applied load and is slightly higher than the 
BHN, especially on hard material. Very thin sections of metal may be 
tested by using small loads. 

A 2-mm. diam. hardened steel ball may be substituted for the diamond 
pyramid and is used generally with the 120-kg. load which gives the same 
ratio of load to (diam.) 2 as is standard in the Brinell method. 

Values are expressed as, for example; 

250 VHN 10 —i.e., number 250, determined with a 10-kg. load and 
a diamond pyramid. 

150 VHN 120b —i.e., number 150, determined with a 120-kg. load 
and a 2-mm. diam. steel ball. 
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Scleroscope 

The method permits considerable personal error and its values are 
the least precise, although most rapidly determined, of the several methods 
herein discussed. A diamond-tipped metallic hammer drops by gravity 
from a fixed height and its rebound is registered on a graduated scale. 
The method will test relatively thin sheet or strip sections. If a Vickers 
machine is not available, very thin sections may be tested with the Sclero¬ 
scope if sufficient thicknesses are packed together to prevent the hammer 
from penetrating into the metal to an extent where its rebound is influ¬ 
enced by the steel anvil. This is known as the “anvil effect.” A magnifier 
hammer, with a larger point area, is available for the softer metals. 

Values are expressed as, for example; 

18 scleroscope 

Other hardness testing devices which are used occasionally for hard¬ 
ened steels, and seldom for non-ferrous alloys, are Monotron, Bierbaum 
scratch-hardness tester and file. 

Methods for the determination of hardness at elevated temperatures 
are described in Section J. 

STRENGTH, DUCTILITY AND TOUGHNESS 

The common practice of judging the relative usefulness of metals 
and alloys on the basis of ultimate tensile strength often leads to errone¬ 
ous conclusions. The proportional limit (yield strength at 0.00 per cent 
offset), the endurance limit, which has a fairly constant relation to ten¬ 
sile strength for most metals and alloys, the elongation and the reduc¬ 
tion of area, are important to the engineer in calculating safe working 
stresses. In some instances, the fatigue strength may be of even greater 
importance. The ratio of ultimate strength to proportional limit, and to 
ductility, varies with different materials, and for different forms of the 
same material which have received different mechanical or thermal 
treatments. 

High strength may be desirable, or undesirable, depending upon the 
use to be made of the material. It is a measure of resistance to denting 
and other forms of permanent deformation; it is a partial measure of 
resistance to abrasion, or what commonly is called wear; and it is partic¬ 
ularly important where strength combined with light weight is desirable. 
On the other hand, stronger materials are more difficult to handle in 
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fabricating operations. The force required for stamping, machining, 
drilling and punching must exceed the tensile strength or the shear 
strength. Only the yield strength must be exceeded in such operations 
as bending, drawing, forming and spinning. The forces available for the 
first three of these operations are almost unlimited and seldom need be 
considered; conversely, the wear on dies and the manual labor of spin¬ 
ning are increased with higher yield strength. 

If two materials have equal strength but different ductilities, that 
with the higher ductility is the more desirable. The curves in Fig. F-13 
show the strength-ductility relationships of several alloys. 

Monel has a more favorable combination of strength and ductility than 
carbon steel or a high-strength bronze. For an elongation greater than 



Fig. F-13— Strength-ductility relationships of various alloys. 
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about 23 per cent, its strength is higher than that of a typical high- 
strength alloy steel. 

Figs. F-14 to F-16, inclusive, show the strength-ductility advantages 
of Monel over low-carbon steel, naval brass and bronze in a different 
manner. In these figures, the load-deformation curves for materials loaded 
in tension, torsion and shear are plotted from tests made on rods as sup¬ 
plied for the manufacture of bolts. All specimens were identical in 
dimensions. 

Curves of this type are valuable because of the many properties 
which are described. The elastic limit is fixed at the point where the 



Fig. F-14 —Tensile strength-ductility curves on Y%-in. diam. bolts. 
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Twist in 6.33 Inches in Degrees 

Fig. F-15 —Torsion strength-ductility curves on Y^-in. diam. threaded bars. 


rising curve begins to depart from a straight line. The ultimate strength 
is indicated by the maximum rise of the curve. Elongation is shown by 
the maximum horizontal carry of the curve to the point of rupture. From 
the area under the curve, the energy in in-lb. required to rupture the 
specimen may be calculated. 

Recent data determined by Templin and Sturm 2 are given in Fig. 
F-17. They confirm and supplement the foregoing statements. 

Bolts, more than almost any other metallic product, require a high 
degree of ductility as well as high strength. To provide for overstressing 
in the case of hand tightening, a bolt with high ductility and moderate 
to low strength is considered more desirable than one of moderate ductil¬ 
ity and moderate to high strength. 

Tsome Stress-Strain Studies of Metals. R. L. Templin and R. G. Sturm. /. Aeronaut. 
Set. 7 . No. 5, 189-98 (1940). 
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Figs. F-18 and F-19 give some static tensile and tensile impact prop¬ 
erties of Monel, high-strength bronze (Cu-Si-Mn alloy), and free-turn¬ 
ing brass bolts. 

The charts show graphically the superiority of Monel bolts over the 
other two commonly used bolt materials. Not only are Monel bolts 
stronger in both static and impact tensile tests, but, along with tensile 
strength superiority, have greater ductility. This is shown very defi¬ 
nitely by the average stretch figures in inches for each size of bolt and 
thread. 
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PROPERTIES OF MONEL, INCONEL, NICKEL AND NICKEL ALLOYS 


A point of general interest brought out by this study is that for prac¬ 
tical purposes Dardelet threads and American National Fine threads 
have about the same strength, and both are considerably stronger than 
the American National Coarse threads. 



Strain - Inches per Inch 
Determined on 8-Inch Gage Length 


Fig. F-17 —Tensile strength-ductility curves for some metals and alloys 2 . 


























































Load at Failure in Pounds 


PROPERTIES OF MONEL, INCONEL, NICKEL AND NICKEL ALLOYS 



Figures indicate stretch in inches of bolts at fracture. 

Length of bolt exposed to stretch equal to 5 diameters of bolt. 


Fig. F-18 —Pounds per square inch to fracture bolts by static tension. 








































































































Calculated Impact Work in Ft-lb. 


PROPERTIES OF MONEL, INCONEL, NICKEL AND NICKEL ALLOYS 



Thread Thread Thread 

Figures indicate stretch in inches of bolts at fracture. 

Length of bolt exposed to stretch equal to 5 diameters of bolt. 


Fig. F-19 — Work in joot-pounds to fracture bolts by tension impact. 
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MECHANICAL PROPERTIES OF WROUGHT SPECIAL 
HIGH-NICKEL ALLOYS AND CLAD MATERIALS 

MECHANICAL PROPERTIES 

Tensile properties and hardnesses of carbon-free nickel, “D”* Nickel 
and nickel-clad steel are summarized in Table G-l. 

Table G-2 gives torsional properties of “D” Nickel determined for 
material from 9 typical melts, each in 8 sizes ranging from 11/16-in. to 
3-in. diam. Rods up to l^-in. diam. were tested full-size; rods over 
l/ 2 -in. diam. were machined to 1%-in. diam. before testing. 

Nominal chemical compositions have been given in Table B-2 of 
Section B. 


luw-uahbuw NICKEL 

This is nickel containing not more than 0.02 per cent carbon and is 
commonly known as “carbon-free nickel.” It is produced chiefly in 
cold-rolled sheet and strip forms. It is softer and work hardens less 
rapi y than nickel and is preferred, therefore, for especially difficult 
spinning and drawing operations. Its yield and tensile strengths are 
approximately 20 per cent lower, and its elongation values approxi- 

nickef ^ ^ igher ’ than tll0se of l ^ e corresponding forms of 

This material finds its greatest use in the manufacture of nickel 
crucibles and combustion boats for analytical laboratory use. Such 
articles must be capable of withstanding oxidizing atmospheres at high 
temperatures without spalling or distortion. When used in determining 
the carbon content of ferrous materials, the low-carbon content of the 
material insures the reliability of the analysis. 


This alloy is produced and used chiefly in rod, wire and strip forms 
s mechanical strength,. both at normal and at elevated temperatures, 
^greater than that of nickel and approximates that of Monel. 


* Reg. U. S. Pat. Off. 











PROPERTIES OF SPECIAL NICKEL ALLOYS AND CLAD MATERIALS 


The manganese content of this alloy (4.5 per cent) imparts special 
properties, the most important of which is improved resistance to 
oxidizing-sulfurous attack at elevated temperatures. It oxidizes some¬ 
what more rapidly than nickel at first, but the oxide film is very adher¬ 
ent and it resists attack by sulfur under oxidizing conditions. Under 
sulfur-free oxidizing conditions, nickel usually is to be preferred. D 
Nickel may be used under reducing conditions, but only in the absence 
of sulfur. 

“D” Nickel is highly resistant to erosion by electrical sparking, and 
is a very satisfactory material for spark plug electrodes and gas engine 
ignition tubes. 


NICKEL-, MONEL- AND INCONEL-CLAD STEEL 

These composite products are steel protected on one side, or both 
sides, with a dense, homogeneous layer of nickel, Monel or Inconel. 
The non-ferrous cladding is bonded metallurgically to the steel base 
and will not separate from it as a result of thermal or mechanical 
treatment. 

The products are available in large and thick plates and are used in 
the construction of massive pressure vessels, evaporators, storage tanks, 
railroad tank cars and other types of equipment where the chemical and 
mechanical properties of the non-ferrous product are required at a lower 
cost than that of the solid non-ferrous alloy. 

The permanent bond between the two materials gives the clad plate 
heat conductivity equal to that of the steel; maximum thermal efficiency 
is, therefore, obtained in all equipment requiring heat transfer through 
the wall. Since the thermal expansion coefficients of Monel, nickel and 
Inconel are approximately identical with that of steel, the bond is not 
affected by temperature changes. 

Standard claddings of 5, 10, 15 and 20 per cent, on one or both 
sides, are available. The 5 per cent cladding is produced only in plate 
^-in. thick and heavier. 

The conditions of corrosion, erosion and abrasion will determine the 
selection and thickness of the cladding material which is suitable for a 
particular service. 
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PROPERTIES OF SPECIAL NICKEL ALLOYS AND CLAD MATERIALS 


TABLE G-l 


Nominal or Range Mechanical Properties of Special 
High-nickel Alloys and Clad Materials 


Material 

Form and 
Condition 

Yield 
Strength 
(0.20% 
offset) 
1000 psi. 

Tensile 
Strength 
1000 psi. 

Elonga¬ 
tion 
in 2 in. 
per cent 

Reduc¬ 
tion 
of Area 
per cent 

Hardness 

Brinell 
3000 kg. 

Rockwell 

B 

Low-carbon nickel. 

“D” Nickel. 

Sheet and Strip 
Annealed.... 
Rod and Bar 
Annealed.... 
Hot-rolled. . . 
Plate 

Hot-rolled. . . 

15-25 

25-40 

30-55 

35-45 

55-75 

75-90 

80-95 

60-70 

55-35 

50-35 

50-35 

35-25* 

75-60 

75-60 

65-50 

110-140 

120-170 

125-150 

25-55 

60-75 

65-85 

70-80 

Nickel-clad steel.. 


♦Elongation in 8 in. 


TABLE G-2 

Torsional Properties of "D" Nickel Rods 



Yield Strength 
(0.00% offset)* 
1000 psi. 

Yield Strength 
(0.20% offset) 
1000 psi. 

Shear 
in. per in. 
of gauge length 

Hardness 

Brinell 

3000 kg. 

Hot-rolled. 

19-23 

14-19 

25-28 

19-24 

1.82-2.20 

2.15-2.S6 

125-150 

120-145 

Annealed. 



♦Proportional limit. 
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SPECIAL MECHANICAL PROPERTIES 

M ECHANICAL properties, other than those in longitudinal ten¬ 
sion and in torsion, are discussed in this Section. These have 
been grouped, for convenience, under the following headings: 

Transverse Tensile Properties 

Compression 

Shear 

Endurance Limit 
Corrosion Fatigue 
Impact 

Ductility (Olsen) 

Resistance to Denting 

Springs 

Cavitation 

TRANSVERSE TENSILE PROPERTIES OF LARGE MONEL 
AND "K"* MONEL FORGINGS 
The mechanical properties of stress-equalized annealed Monel forg¬ 
ings and of age-hardened “K” Monel forgings show little directional 
effect. Table H-l summarizes some average longitudinal and transverse 


TABLE H-l 

Longitudinal and Transverse Tensile Properties of 
Large Monel and "K" Monel Forgings 


Material 

Dimensions of 
Forgings 
in. 

Direc¬ 
tion t 
of Test 
Speci¬ 
men 

No. 

of 

Tests 

Yield 

Strength 

(0.20% 

offset) 

psi. 

Tensile 

Strength 

psi. 

Elonga¬ 
tion 
in 2 in. 
per cent 

Reduc¬ 
tion 
of Area 
per cent 

Monel. 

5%” diam.xl 163"$ long. 

L 

9 1 

62,250 

58,600 

94,300 

90,350 

37.0 

33.0 

68.0 

54.6 


T 

L 1 

21 

Monel. 

6% diam.xl32 long... 

L 


61,800 

58,650 

92,350 

90,625 

36.9 

32.9 

68.9 

56.0 


T 

oL 

32 

Monel. 

9 diam.xt.S2 long 

L 

A 

73,500 

71,450 

93,000 

91,100 

27.8 

22.1 

66.4 

48.6 



T 

4 

Monel. 

Il%xl7%xl41 .... 

L 

T 

2 

1 

56,600 

57,100 

87,500 

88,000 

40.0 

33.0 

67.7 

59.0 


Monel. 

17x22x70%" 

L 

2 

43,100 

42,800 

83,125 

83,000 

42.3 

40.7 

62.8 

57.7 



T 

3 

Monel. 

18diam.x 119 long.. . 

L 


52,300 

49,800 

85,500 

85,400 

40.8 

36.1 

70.4 

60.4 


T 

ij 

24 

“K” Monel, 
age-hardened . | 

10^ diam.x74)^ long 

L 

T 

21 

21 

110,200 

108,850 

152,800 

151,350 

23.1 

20.6 

37.0 

26.0 


t With respect to axis of the forging; L—Longitudinal, T—Transverse. 
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SPECIAL MECHANICAL PROPERTIES 


tensile properties that have been obtained from many melts over a period 
of approximately two years’ regular mill production. A total of approxi- 


TABLE H-2 

Longitudinal and Transverse Tensile Properties of Large, 
High-Tensile, Forged Monel Rods 

(Average of tests on each end of 17 rods, 9 5 A in. diam. x 
22 ft. long x 6000 lb.) 


Property 

Yield 

Strength* * * § 

(0.00% 

offset) 

psi. 

Yield 

Strengthf 

(0.01% 

offset) 

psi. 

Yield 

Strength 

(0.20% 

offset) 

psi. 

Tensile 

Strength 

psi. 

Elongation 
in 2 in. 
per cent 

Reduction 
of Area 
per cent 

Longitudinal. . 

55,700 

62,000 

70,100 

95,300 

33.5 

70.6 

Transverse... . 

54,400 

60,900 

69,600 

93,800 

28.2 

53.0 


* Proportional limit, 
t Proof stress, offset method. 


TABLE H-3 

The Effect of Orientation of Test Specimen Relative to Direction of 
Forging Upon the Mechanical Properties of a High- 
Tensile Forged Monel Rod 


Angle of 

Test Specimen 

Tensile Properties 

Impact Strength 
ft-lb. 

Yield 

Strength* 

(0.01% 

offset) 

psi. 

Yield 

Strength 

(0.20% 

offset) 

psi. 

Tensile 

Strength 

psi. 

Elonga¬ 
tion 
in 2 in. 
per cent 

Reduc¬ 
tion 
of Area 
per cent 

Stand¬ 

ard 

Charpy 

Stand¬ 

ard 

Izod 

Round 

Izodf 

0°—Longitudinal. 

55,750 

61,875 

89,060 

35.6 

67.5 

220 

>120 

103§ 

15° 

54,200 

61,000 

88,025 

37.8 

67.6 

210 

>120 

101 § 

30° 

54,100 

60,650 

86,325 

36.3 

68.7 

205 

116 

90 § 

45° 

55,000 

62,050 

88,125 

35.5 

66.5 

175 

111 

84 § 

60° 

55,800 

63,400 

89,875 

30.0 

59.4 

150 

99 

69 § 

75° 

54,500 

63,350 

90,750 

27.8 

52.9 

133§ 

91 

65 § 

90°—Transverse... 

53,800 

62,950 

91,000 

26.5 

53.7 

128§ 

84 

64 § 


* Proof Stress, offset method, 
t Dimensions were as follows: 

Diam.—0.500 in. 

Notch angle—60° and 0.01-in. radius in bottom of notch. 

Notch depth—0.075 in. 

Distance of notch from end of specimen—1.125 in. 

Root diameter—0.350 in. 

§ Indicates a completely broken test specimen; all other test specimens were broken incom¬ 
pletely. 







































SPECIAL MECH ANICAL PROPERTIES 



0°- Longitudinal 
90°- Transverse 


Fig. H-l — Directional tensile and impact properties of a large, high-strength 

Monel forging. 

mately 500,000 lb. of metal is represented. The standard 0.505-in. diam. 
test specimens were taken as nearly as possible from adjacent sections of 
the forgings. All Monel forgings were given a stress-equalizing anneal at 
1000° F. for 1 hr. per in. of cross-section. The “K” Monel forgings were 
age-hardened for 16 hr. at 1100° F. and furnace cooled. 

The foregoing data show practically equal strength factors in both 
longitudinal and transverse sections. Ductility is less, but ample, in the 
transverse direction. The decreases in average elongation and reduction 
of area are only 12 and 18 per cent, respectively, and are less than those 
found in many steels. 

Table H-2 gives some additional and similar data for a lot of 17 
extra-large, high-tensile, stress-equalized Monel fol-gings, 9 % in. diam. x 
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SPECIAL MECHANICAL PROPERTIES 


22 ft. long, weighing approximately 6000 lb. each, which were forged 
from 23 in. x 23 in. x 64 in., 10,500 lb. ingots. The tests were made using 
samples from each end of each rod. 

The effect of the orientation of the test specimen, relative to the direc¬ 
tion of forging, upon the mechanical properties of one of the forged rods 
described in Table H-2, was studied. Two 40-in. slab sections were cut 
from the mid-section of the rod parallel to, and on opposite sides of, its 
axis. Tensile and three types of impact test were made, in duplicate, in 
increments of 15° rotation from longitudinal to transverse. The results 
are given in Table H-3 and graphically, in part, in Fig. H-l. For the 
latter, standard Izod impact data for 0.09 per cent carbon steel, as deter¬ 
mined similarly by Ellis and McDonell 1 , have been added. 

COMPRESSION 

Properties have been determined in triplicate, according to the 
A.S.T.M. standard procedure, for material from single, typical melts of 
each of the six regular mill products. The data are summarized in Table 
H-4, together with the corresponding tensile properties and hardnesses. 
Values have been rounded off to the nearest 1000 psi., 0.5 per cent elonga¬ 
tion and reduction of area, and 5 BHN, respectively. More detailed in¬ 
formation is given elsewhere 2 . 

Compressive loads which exceeded the yield strength at 0.20 per cent 
offset, gave progressive plastic deformation up to the capacity of the 
testing machine (175,000 psi. of original area). The pieces “barreled 
out” to finish with average increases of 20 per cent in area and decreases 
of 15 per cent in length. Stress-strain curves, as is generally true also 
for non-ferrous nickel alloys containing somewhat lower percentages of 
nickel, showed reliably true elastic properties and no gradual deviations 
from the origin. The moduli of elasticity in compression were found to be 
the same as those in tension; that is, 26,000,000 psi. for Monel, “R”* 
Monel and “K” Monel; 30,000,000 psi. for nickel and “Z”* Nickel; and 
31,000,000 psi. for Inconel. 

* Reg. U. S. Pat. Off. 

1 The Effects of Fiber on the Notch Toughness of Mild Steel as Influenced by Cooling Rate. 
O. W. Ellis and J. E. McDonell. Trans. Am. Soc. Metals. 27, 61-77 (1939). 

* Compressive, Impact, and Other Mechanical Properties of Nickel and Some of its Hiph- 
Strength, Corrosion-Resisting Alloys. C. F. Catlin and W. A. Mudge. Proc . Am. Soc. Testing 
Materials. 38, Part II, 269-76 (1938). 
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TABLE H-4 

Compressive Properties 


Material 

Condition 

Compression 

Tension 

Hardness 

Brinell 

3000 kg. 

Yield Strength* 

(0.01% offset) 

1000 psi. 

Yield Strength 

(0.20% offset) 

1000 psi. 

Yield Strength * 

(0.01% offset) 

1000 psi. 

Yield Strength 

(0.20% offset) 

1000 psi. 

Tensile 

Strength 

1000 psi. 

Elongation 

in 2 in. 

per cent 

Reduction 

of Area 

per cent 

Monel. 

Hot-rolled. 

Cold-drawnf. 

Cold-drawn, annealed § 

33 

58 

19 

38 

81 

28 

37 

75 

28 

41 

87 

33 

84 

97 

78 

39.5 

27.0 

44.0 

67.5 

66.5 
66.0 

145 

200 

125 

“R" Monel. 

Hot-rolled. 

Cold-drawnf. 

Cold-drawn, annealed} 

26 

51 

23 

34 

66 

26 

33 

62 

25 

36 

74 

28 

76 

83 

73 

39.5 
28.0 

44.5 

69.0 

66.5 

70.0 

120 

180 

115 

“K” Monel. 

Hot-rolled. 

Hot-rolled, age-hardened.. 

Cold-drawn. 

Cold-drawn, age-hardened. 

34 

96 

55 

102 

40 

121 

76 

121 

41 

96 

72 

103 

47 

111 

85 

120 

100 

151 

106 

158 

42.5 
30.0 

26.5 
22.0 

63.5 

44.5 

50.5 

37.5 

165 

300 

205 

330 

Inconel.... 

Hot-rolled. 

Cold-drawnf. 

Cold-drawn, annealed} 

31 

90 

23 

42 

105 

28 

38 

99 

29 

47 

113 

33 

91 

122 

93 

42.0 

19.0 

42.0 

66.0 

61.5 

68.0 

160 

210 

135 

Nickel. 

Hot-rolled. 

Cold-drawnf. 

Cold-drawn, annealed} 

19 

45 

17 

23 

58 

26 

20 

56 

21 

24 

62 

27 

71 

87 

73 

44.5 

33.0 

46.0 

63.0 

72.0 

79.5 

105 

175 

110 

"Z” Nickel. 

Hot-rolled. 

Hot-rolled, age-hardened. . 

Cold-drawn. 

Cold-drawn, age-hardened. 

40 

126 

67 

140 

51 

148 

103 

166 

44 

120 

83 

134 

52 

138 

107 

157 

105 

177 

132 

188 

40.5 
16.0 

26.5 

14.5 

52.5 
22.0 

51.5 
19.0 

195 

355 

245 

365 


• Proof stress. 

t -draw^ rods were given a 525° F. low-temperature, stress-equalizing anneal after cold 

§ Three hr. at 1450° F. followed by furnace cooling. 


None of the specimens fractured. This is an important feature since 
it shows that service overloads may cause only permanent set rather 
than sudden failure with serious damage to equipment. 

The ratios of yield strengths in compression and in tension for these 
high-nickel materials are about unity and compare favorably with those 
of carbon and alloy steels. Plain and alloy cast irons have compressive 
strengths considerably in excess of their tensile strengths. 

SHEAR 

Results of double-shear tests, made in duplicate and using 0.050-in. 
x 0.2$0-in. specimens of typical samples of five regular mill products, 
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TABLE H-5 


Shear Properties 


Material 

Condition 

Double Shear 
Properties 

Tensile 

Properties 

Hardness 

Rockwell 

Maximum 

Strength 

psi. 

Deflection 

at 

Maximum 

Strength 

Tensile 

Strength 

psi. 

Elonga¬ 
tion 
in 2 in. 
per cent 


Soft. 

49,200 

0.08 

69,800 

50.0 

61B 

Monel. 

Half-hard. 

54,700 

0.06 

76,800 

39.0 

89 B 


Hard. 

65,200 

0.03 

116,100 

11.5 

100B 


Soft. 

52,300 

0.09 

68,000 

46.0 

46 B 

Nickel. 

Half-hard . 

57 550 

0 07 

78 800 

39 0 

89 B 


Hard. 

75^300 

0.05 

120^500 

n!o 

100B 


Soft. 

60,800 

0.085 

85,000 

45.0 

71B 

Inconel. 

Half-hard. 

66,250 

0.06 

98,800 

37.0 

98 B 


Hard. 

82,400 

0.03 

152,200 

7.0 

31C 


Soft. 

65,300 

0.08 

97,500 

49.0 

1C 


Soft, age-hardened. 

96,475 

0.06 

147,200 

29.0 

29C 

“K” Monel.. 

Half-hard. 

71,000 

0.04 

122,000 

12.5 

25C 


Half-hard, age-hardened. 

98,750 

0.05 

155,600 

24.0 

31C 


Full-hard. 

89,500 

0.04 

151,500 

16.5 

33C 


Full-hard, age-hardened . 

98,450 

0.04 

168,500 

1*2.5 

37C 


Soft. 

67,500 

0.08 

105,000 

45.0 

15C 


Soft, age-hardened. 

116,000 

0.04 

184,000 

15.0 

40C 

“Z” Nickel.. 

Half-hard. 

89,000 

0.045 

160,000 

7.0 

30C 


Half-hard, age-hardened. 

104,000 

0.03 

198,500 

12.0 

41C 


Full-hard. 

100,000 

0.04 

192,000 

5.0 

37C 


Full-hard, age-hardened . 

111,000 

0.03 

211,000 

7.0 

45 C 


with cutters set at 0.005-in. clearance, are summarized in Table H-5 
together with the corresponding tensile and hardness data. The tests 
were carried out at The Stevens Institute of Technology, Hoboken, N. J. 

Values for the ratios of maximum shearing strength to ultimate tensile 
strength range from 0.542 to 0.770. These are comparable to similar 
ratios for mild and alloy steels which range from about 65 to 80 per cent. 


ENDURANCE LIMIT 

Values of endurance limit, or fatigue resistance, have been deter¬ 
mined in R. R. Moore Type, high-speed (10,000—r.p.m.), rotating- 
beam, fatigue-testing machines. These are summarized in Table H-6. 
Machined and carefully polished test pieces were prepared from in. 
to 1-in. diam. rod stock from two to four typical melts of each material in 
several commercial conditions. Corresponding tensile strengths and en¬ 
durance ratios are tabulated. 

Endurance limits are indicative of the magnitude of safe loading for 
materials that are to be used under repeated, cyclic changes of stress. 
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TABLE H-6 

Endurance Limit—Rotating-Beam Tests of Polished Specimens of 
Monel, Inconel, Nickel, and Related Alloys at Room 
Temperatures and 10,000 R.P.M. 


Material 

Condition 

Endurance 

Limit 

for 10 8 cycles 
psi. 

Tensile 

Strength 

psi. 

Endurance 

Ratio 


Annealed. 

30,000 

77,000 

039 


Hot-rolled. 

39,500-52,500 

87,500-100,500 

0.45-0.52 

Monel. 

Cold-drawn, as-drawn. 

40,000-47,750 

98,500-116,500 

0.41 


Cold-drawn, stress-equalized 


annealed, 525° F.—3 hr. 

39,500-49,750 

92,500-117.000 

0.42-0.43 


Annealed. 

28.500-31,500 

74,000- 76,750 

0.39-0.41 


Hot-rolled. 

34,000-40,000 

76,000- 84,250 

0.45-0.48 

"R” Monel. 

Cold-drawn, as-drawn. 

Cold-drawn, stress-equalized 

35,500-37,500 

81,000-100,000 

0.38-0.44 


annealed, 525° F.—3 hr. 

38,500-41,000 

84,500-105,000 

0.39-0.46 


Annealed (quenched from 1450° F.). 

37,500-41,500 

89,500- 92.000 

0.42-0.45 


Hot-rolled. 

41,000-49,000 

95,000-101,750 

0.43-0.48 


Hot-rolled, age-hardened. 

44,500-58,000 

140,500-158,500 

0.28-0.41 

"K” Monel. 

Cold-drawn, as-drawn. 

Cold-drawn, stress-equalized 

43,000 

105,500 

0.41 


annealed, 525° F.—3 hr. 

42,000-46,500 

107,500-110,500 

0.39-0.42 


Cold-drawn, age-hardened. 

41,000-59,000 

149,500-165,500 

0.26-0.36 


Annealed. 

23,000-24,500 

74,000- 75,250 

0.31-0.33 


Hot-rolled. 

31,000 

71,750 

0.43 

Nickel. 

Cold-drawn, as-drawn. 

31,500 

80,000 

0.39 


Cold-drawn, stress-equalized 


annealed, 525° F.—3 hr. 

33,500-36,000 

88,000- 89,000 

0.38-0.41 


Hot-rolled. 

53,500 

108,000 

0.50 


Hot-rolled, age-hardened. 

52,000 

150,000 

0.35 

“Z” Nickel. 

Cold-drawn, as-drawn. 

Cold-drawn, stress-equalized 

55,000 

123,000 

0.45 


annealed, 525° F.—3 hr. 

55,000 

131,000 

0.42 


Cold-drawn, age-hardened. 

59,000 

195,000 

0.30 


Annealed. 

30,000-35,500 

87,500- 97,000 

0.34-0.37 


Hot-rolled. 

38,500-47,000 

93,250- 98,500 

0.41-0.48 

Inconel. 

Cold-drawn, as-drawn. 

41,000-56,000 

126,000-153,000 

0.33-0.37 


Cold-drawn, stress-equalized 


annealed, 525° F.—3 hr. 

45,000-60,000 

130,000-163,000 

0.35-0.37 


These may be, as in the rotating-beam test, from a maximum outer fiber 
stress in tension, corresponding to the load and the test specimen dimen¬ 
sions, to an equal stress in compression. The stress cycle might be also 
between two levels of stress of the same type, or between a tensile stress 
of one magnitude and a compressive stress of a different magnitude. For 
these cases and also for those in which the stresses of a cycle are not 
completely reversed, the valves of endurance limit will differ from those 
given in Table H-7. Rotating-beam tests with complete reversal of stress 
represent the most severe condition. Endurance limits can be determined 
also for varying torsional stresses. In general they are about 0.6 the cor- 























































responding values for tensile-compressive type stress conditions for the 
same material. 

The fatigue properties of several non-ferrous sheet metals have been 
determined by C. H. Greenall and G. R. Gohn 3 . Data for nickel, Monel 
and “K” Monel sheet given in this publication are summarized in Table 
H-7. The values are the minima obtained at 100,000,000 cycles of com¬ 
pletely reversed stress. 


TABLE H-7 

Fatigue Properties of Nickel. Monel and K" Monel 
Sheet and Strip 


Material 

Condition 

Direction 
of Rolling 
With 

Respect to 
Length of 
Specimen 

Endur¬ 

ance 

Limit for 
10 8 cycles 
psi. 

Tensile Properties 

Endur¬ 

ance 

Ratio 

Yield 

Strength* 

(0.00% 

offset) 

psi. 

Tensile 

Strength 

psi. 

Elonga¬ 
tion 
in 2 in. 
per cent 

Nickel. 

Annealed. 

Parallel 

45 deg. 

90 deg. 

25,000 

26.500 

23.500 

12,000 

72,000 

40.4 

0.347 

Hard. 

Parallel 

45 deg. 

90 deg. 

39,500 

40,000 

41,000 

51,500 

113,500 

2.3 

0.352 

Full-hard. 

Parallel 

45 deg. 

90 deg. 

40,500 

38,000 

42,000 

52,000 

121,500 

2.0 

0.333 

Monel. 

Annealed. 

Full-hard. 

Parallel 

Parallel 

24,500 

37,750 

21.400 

58,200 

73,700 

122,800 

—i- 

40.5 

1.7 

0.332 

0.306 

“K” Monel. 

Soft. 

Age-hardened . 

Parallel 

Parallel 

26,750 

37,000 

74,000 

88,300 

153,000 

38.0 

11.0 

0.303 

0.242 


* Proportional Limit. 


CORROSION FATIGUE 

Corrosion fatigue results from exposure to corrosion simultaneously 
with the application of fatigue stresses. There are two stages in the pro¬ 
cess. The first stage is accelerated pitting due to the influence of cyclic 
stress on corrosion. As pitting increases, the actual stress at the bottoms 
of the corrosion pits increases. When the increasing actual stress sur¬ 
passes the endurance limit, the second period of corrosion fatigue begins. 
In this period the metal is subjected to ordinary fatigue as well as to the 
accelerated corrosion pitting. 

» Fatieue Properties of Non-Ferrous Sheet Metals. C. H. Greenall and G. R. Gohn. Proc. Am. 
Soc. Testing Materials. 37 , Part II, 160-91 (1937). 
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SPECIAL MECHANICAL PROPERTIES 


The principal factors involved in corrosion fatigue are: susceptibility 
of the metal to pitting action, corrosiveness of the solution, time, cycle 
frequency, and stress. Metals have no inherent corrosion-fatigue limits 
because damage is dependent, at all times, on the duration of the exposure 
and the corrosiveness of the solution. 

An extremely important practical feature of corrosion fatigue is that 
the advantage in strength, expressed in endurance limits, which heat- 
treated and cold-worked materials have over annealed materials, tends to 
be destroyed. 

Monel and the high-nickel alloys, compared to carbon and alloy 
steels, have good resistance to corrosion fatigue. 

The data summarized in Table H-8, which are taken from the work 
of McAdam 4 , give the corrosion-fatigue limits for Monel, nickel and 
carbon steels. The tests were conducted at a cycle frequency of 1450 
r.p.m. in air, in carbonate tap-water and in brackish estuarine water, 
respectively. 

TABLE H-8 


Endurance Limit and Apparent Corrosion-Fatigue Limit of Monel, 
Nickel and Carbon Steels in Air, in Fresh Water and 
in Brackish Estuarine Water 


Material 

Condition 

Endurance 

Limit 

Apparent Corrosion- 
Fatigue Limit, 10 8 cycles, psi. 



10 8 cycles 
psi. 

Fresh Water 

Brackish Water 

Nickel. 

Annealed. 

Cold-worked.... 

33,000 

50,000 

21-24,000 

21-24,000 

20-22,000 

20-22,000 

Monel. 

Annealed. 

Cold-worked.... 

36,000 

50,000 

21-24,000 

21-24,000 

27-29,000 

27-29,000 

Carbon Steels. . . . 


25-42,000 

16-24,000 

6- 8,000 


IMPACT 

Values for Izod, Charpy, tension and torsion impact strength have 
been determined in triplicate with typical specimens of the six regular 
mill products. All tests were performed with an Olsen Universal Impact 
Testing Machine which is provided with interchangeable pendulums, 
specimen holders and scales. 


4 ^//°27 n i22^ g (1927) NOn * FerrOUS Metals ’ D ‘ McAdam * J r - Proc. Am. Soc. Testing Mate■ 
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Tables H-9 and H-10 summarize Izod and Charpy tests made accord¬ 
ing to the standard procedure recommended by the American Society for 
Testing Materials. 


TABLE H-9 


Range Values for Izod Impact and Typical Charpy Impact 
Strength of Wrought Nickel, Monel and Inconel 


Material 

Condition 

Impact Strength 
ft—lb. 

Izod 

Charpy 

U Notch 


Hot-rolled. 

120 + 

197 

Nickel 

Cold-drawn. 

120 + 

195 


Annealed. 

120 + 

222 


Hot-rolled. 

100-120 

220 

1V1 onel 

F orged. 

75-115 



Cold-drawn. 

75-115 

150 


Annealed. 

90-120 

215 


Hot-rolled. 

100-120 

191 

T nponpl 

F orged. 

100-120 



Cold-drawn. 

70-100 

151 


Annealed. 

120 + 

230 


TABLE H-10 


Izod and Charpy Impact Strength of "R" Monel, "K" Monel and 
"Z" Nickel Determined From Typical Melts 


Material 

Condition 

Impact i 
ft— 

Izod 

Strength 

lb. 

Charpy 

U Notch 


Hot-rolled. 

96 

187 

“R” Monel. 

Cold-drawn 

99 

140 


Annealed. 

120 + 

196 


Hot-rolled. 

120 + 

170 

“K” Monel. 

Hot-rolled, age-hardened. 

40* 

61* 


Cold-drawn. 

56* 

71* 


Cold-drawn, age-hardened.... 

26* 

42* 


Hot-rolled. 

120 + 

240 + 

“Z” Nickel. 

Hot-rolled, age-hardened. 

25* 

36* 


Cold-drawn. 

120 + 

190 


Cold-drawn, age-hardened. . . . 

25* 

41* 


* Specimen fractured completely. 
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SPECIAL MECHANICAL PROPERTIES 


Tables H-ll and H-12 give some tension and torsion impact values 
from single typical melts. Tensile and hardness data have been added 
for comparison. The specimens used had the dimensions shown in Figs. 
H-2 and H-3. More detailed information is given elsewhere 2 . 



Fig. H-2 — Tension impact specimen. 


Impact tests evaluate toughness. The values determined in transverse 
impact tests are most precise when the specimens are fractured com¬ 
pletely, and less so when they are not, as may happen in materials of 
great toughness such as the alloys of high-nickel content. An unbroken 
specimen absorbs the energy of the striking hammer without complete 
fracture, but with sufficient bending to allow the hammer to pass and 
register values approximating or equaling the capacity of the machine. 

The tension impact tests gave clean fractures in every case and per¬ 
mitted accurate measurements of elongation and reduction of area. 


101.601 mm._ 
4" 


3.178 4 3.178 

30.163mm. 4.763 10.319 \ 4. 7 63 / 10.319 4. 7 63 


il"' 


12.700^mm.Sq. 

fSq. 

t 


Ends Rounded 
Centers Removed 


r 

16 

13 " 

32 


A 



16 


13 " 

32 


7 * 




30.163 mm. 

— ,3.” — 


9.525 mm.^ 6.350 mm. rad. \ 9.535 mm. rad. 

Y* £’rad. 6.350 mm.^ -Trad. 

I"<t> 

4 

Charpy Torsion Specimen 
Fig. H-3 — Torsion impact specimen. 
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TABLE H-ll 

Tension Impact Properties 




Tension Impact 

Tensile Properties 



Material 

Condition 

ft-lb. 

Elongation 

in 3.54 in. 

per cent 

Reduction 

of Area 

per cent 

Yield Strength 

(0.20% offset) 

psi. 

Tensile 

Strength 

psi. 

Elongation 

in 2 in. 

per cent 

Reduction 

of Area 

per cent 

Hardness 

Brinell 

3000 kg. 

Monel. 

Cold-drawn.... 

96* 

15.0 

63.7 

86,650 

97,250 

27.0 

66.4 

199 

Annealed. 

129* 

29.5 

68.0 

33,350 

78,350 

44.0 

65.9 

123 

“R” Monel . 

Cold-drawn.... 

90* 

17.0 

64.7 

74,350 

83,150 

28.0 

66.6 

180 

Annealed. 

148* 

35.0 

69.1 

28,000 

73,350 

44.5 

70.1 

116 


Hot-rolled. 

Hot-rolled, 

180* 

31.5 

66.1 

47,000 

99,900 

42.5 

63.7 

163 

"K” Monel. 

age-hardened. 
Cold-drawn, 

167* 

17.5 

46.7 

111,150 

151,350 

30.0 

44.5 

299 


age-hardened. 

143* 

14.5 

40.2 

119,650 

157,650 

22.0 

37.5 

329 

Nickel. 

Cold-drawn.... 

88* 

19.5 

71.2 

62,000 

86,650 

33.0 

72.0 

177 

Annealed. 

113* 

33.0 

75.1 

26,650 

73,250 

46.0 

79.4 

109 


Hot-rolled. 

Hot-rolled, 

135* 

24.5 

68.8 

51,650 

104,850 

40.5 

52.3 

197 

"Z" Nickel.. 

age-hardened. 
Cold-drawn, 

113* 

9.5 

22.2 

138,000 

177,000 

16.0 

22.0 

355 


age-hardened. 

112* 

6.0 

32.9 

157,300 

188,300 

14.5 

19.3 

363 

Inconel. 

Cold-drawn.... 

75* 

9.5 

57.4 

113,000 

122,250 

19.0 

61.6 

210 

Annealed. 

169* 

37.5 

70.2 

33,000 

93,150 

42.0 

67.8 

136 


* Indicates a completely broken specimen. 


Only the torsional impact test requires special comment. True tor¬ 
sional stress was applied to the specimen held coaxially with the pivot 
axis of the striking hammer. The squared ends of the specimen, shown in 
Fig. H-3, fitted snugly into grips, which prevented slippage. One grip 
was integral with the center of rotation of the hammer; the other rotated 
in a ball-bearing set in one side of the rigid frame of the machine. The 
specimen, therefore, formed a straight coupling between the two grips. 
When the striking hammer reached the bottom of its arc, the motion of 
the grip rotating in the frame was suddenly arrested by a suitable “pin 
and stop” arrangement; the other grip, being rigid with the hammer, 
continued to rotate. Torsion on the specimen, produced by the inertia of 
the falling hammer, began when the hammer achieved its maximum fall. 
This insured equal impact force on the specimens in each test and mini¬ 
mized variation in results due to friction of the striking hammer. From 
97 to 99 per cent of the twist was confined to the section of minimum 
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TABLE H-12 


Torsion Impact Properties 


Material 

Condition 

Ft—lb. 

Ft—lb. 

per 
sq. in. 

Angle of 
Twist 
deg. 

Hardness 
Brinell 
3000 kg. 


Hot-rolled. 

34 

694 

101.5 

145 

Monel. 

Cold-drawn. 

39 

788 

98.0 

199 


Annealed. 

30 

599 

102.0 

123 


Hot-rolled. 

30 

606 

100.5 

121 

“R” Monel 

Cold-drawn. 

34 

687 

100.5 

180 


Annealed. 

30 

606 

102.0 

116 


Hot-rolled. 

36 

727 

100.0 

163 

“K” Monel 

Hot-rolled, age-hardened. . 

42* 

833 

40.0 

299 


Cold-drawn. 

41 

828 

102.0 

207 


Cold-drawn, age-hardened 

28* 

566 

38.0 

329 


Hot-rolled. 

29 

579 

103.5 

107 

Nickel .... 

Cold-drawn. 

35 

702 

102.0 

177 


Annealed. 

29 

586 

103.0 

109 


Hot-rolled. 

38 

750 

99.5 

197 

“Z” Nickel 

Hot-rolled, age-hardened. . 

19* 

385 

26.0 

355 


Cold-drawn. 

45 

908 

96.0 

245 


Cold-drawn, age-hardened 

27* 

547 

40.0 

363 


Hot-rolled. 

36 

734 

100.0 

159 

Inconel. . . . 

Cold-drawn. 

44 

881 

95.0 

210 


Annealed. 

29 

580 

103.5 

136 


* Indicates a completely broken specimen. 


area. The angle of twist was measured to db 0.50° with a suitable spirit- 
level protractor, using a line scribed along the specimen. 

Fractures occurred only with the age-hardened “K” Monel and “Z” 
Nickel specimens. Attempts to produce fractures in the test specimens of 


TABLE H-13 

Tension Impact Tests With 5/16-in. Diam. Machine Cut Bolts 


Material 

Ft—lb. to Rupture 

Number of threads exposed 

1 

3 

12 

Monel. 

60 

60 

96 

Steel (low carbon). 

44 

48 

70 

Bronze (1.15 per cent tin). 

31 

31 

48 

Naval brass. 

20 

33 

67 
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SPECIAL MECHANICAL PROPERTIES 


these alloys, and of the other high-nickel materials in the hot-rolled and 
cold-drawn conditions, by reducing the minimum area 7 5 per cent, were 
not successful due to their extreme toughness. 

The relation between torsional impact and Brinell hardness is inde¬ 
pendent of material composition. 

Table H-13 gives the results of some tension impact tests with % 6 -in. 
diam. machine cut bolts. 


DUCTILITY (OLSEN) 

Ductility is that property of a material which allows it to be deformed 
without rupture. It decreases as hardness and strength are increased by 
cold working or by age-hardening and, therefore, requires important 
consideration in fabricating problems. Both high strength and adequate 
ductility are essential for dependability in an engineering material. Of 
two materials having the same strength but different ductilities, the one 
with the higher ductility is the more reliable. 

The many data which are tabulated in Sections F and G show the 
favorable combinations of strength and ductility possessed by nickel and 
the high-nickel content, non-ferrous alloys, in comparison with those of 
many ferrous and non-ferrous materials. 

This discussion is concerned more particularly with ductility in sheet 
metal, its determination, and its practical significance in such fabrication 
methods as deep drawing and spinning. 

Tensile Ductility 

In tension, ductility is expressed as the per cent elongation and the 
per cent reduction of cross-sectional area which take place during ruptur¬ 
ing of a test specimen. 

Ductility (Olsen or Erichsen) 

This most widely used test is a cupping operation in which sheet 
metal is deformed by pressing into it a %-in. diam. steel ball backed up 
by a vertical-sided, or tapered, die, usually 1^-in. diam. The sample 
of sheet metal is supported by a ring. The test is continued until rupture 
occurs. Both cup depth and load are recorded. This approximates the 
deep-drawing action in a press. 

The load necessary to produce a cup of a definite depth in a metal is 
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an indication of the capacity of press required for drawing. The depth 
of cup is an indication of the amount of cold work which may be done 
without the necessity of softening the material by annealing. Loads, or 
pressures, for some typical 0.062-in. sheet materials, using a %-in. diam. 
ball and a 1-in. die, are given in Table H-14. 

The severity of the test is governed by the size of the die used, as 
indicated by the figures in Table H-15 for 0.062-in. sheet. 


TABLE H-14 
Olsen Ductility 


Material 

J4-in. diam. ball with 1- 

■in. die 

Beam Load 
at 0.375-in. 
Cup Depth 
lb. 

Depth of 

Cup at 
Fracture 
in. 

Beam Load 
at 

Fracture 

lb. 

Inconel. 

11,140 

0.470 

13,500 

Nickel. 

9,610 

0.570 

11,450 

Monel. 

9,660 

0.440 

10,450 

Deep-drawing Steel. 

6,940 

0.430 

7,510 

Copper. 

3,800 

0.490 

5,110 

Aluminum, 2S. 

1,760 

0.430 

1,880 


TABLE H-15 


The Effect of Die Size Upon Olsen Ductility 


Material 

Depth of Cup 

%-in. diam. ball 
with 1-in. die 

J^-in. diam. ball 
with l^g-in. die 

Nickel. 

0.570 

0.440 

0.470 

0.600 

0.550 

0.575 

Monel. 

Inconel. 



RESISTANCE TO DENTING 

Hardness is a good indication of resistance to denting. Sheets that 
are used for sinks, table tops, and for covering other structures of wood 
or metal, should have good resistance to denting to avoid damage in daily 
service. A special, tempered Monel sheet, designated as No. 35 sheet, has 
been developed for the purpose. It has higher yield strength and hardness 
than the standard Monel sheet (see Section F), and its ductility, although 
slightly lower, is sufficient for bending and light drawing operations. 
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Table H-16 gives some comparative test data for No. 35 Monel and 
standard Monel sheets in five equivalent gauges, as determined by the 
Olsen ductility testing apparatus, using a %-in. diam. steel ball and a 
-in. die. The rapidly applied loads required to produce the several 
constant deformations are given in pounds. Although this is not a true 
denting test, such as one in which a standard load is applied instan¬ 
taneously, by an object dropped from a fixed height, the values are 
relative and agree with those obtained by the latter method. 

Since each series of tests was made with sheet of commercially equiv¬ 
alent gauges and hardnesses, the sum of all loads at all deformations 
for each material may be taken as a rough index of resistance to defor¬ 
mation or denting. These calculations are given in Table H-17. 


TABLE H-16 


Loads to Produce Equal Deformations With an 
Olsen Ductility Machine 


Material 

Thickness 

in. 

Hardness 

Load in Pounds to Produce 
Permanent Deformation of: 

Rockwell 

B 

Sclero- 

scope 

Uk 

in. 

14 

in. 

% 

in. 

Vi# 

in. 

No. 35 Monel. 

0.020 

76 

21 

52 

90 

145 

210 

Standard Monel... . 

0.020 

59 

15 

33 

50 

73 

103 

No. 35 Monel. 

0.028 

78 

21 

105 

153 

220 

301 

Standard Monel... . 

0.028 

66 

16 

57 

85 

127 

174 

No. 35 Monel. 

0.031 

81 

22 

97 

158 

234 

317 

Standard Monel... . 

0.031 

70 

17 

58 

95 

140 

197 

No. 35 Monel. 

0.041 

82 

23 

158 

240 

335 

437 

Standard Monel... . 

0.041 

69 

17 

110 

158 

215 

280 

No. 35 Monel. 

0.077 

82 

23 

545 

730 

895 

1050 

Standard Monel.... 

0.076 

73 

19 

397 

545 

682 

817 


TABLE H-17 


Resistance to Denting 


Material 

Total Loads 
for All Thicknesses 
lb. 

Resistance to 
Denting* 

No. 35 Monel. 

6372 

1.45 

Standard Monel. 

4396 

1.00 



* Referred to Standard Monel Sheet as 1.00. 
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Resistance to denting increases with hardness and yield strength; 
therefore, the harder the sheet the greater is its stiffness and ability to 
withstand sudden loads without serious damage. Hardness cannot, how¬ 
ever, be increased indefinitely, nor usefully to the maximum, because the 
high strength would require too much power and the corresponding duc¬ 
tility would be insufficient to permit commercial fabrication. 


SPRINGS 

Springs call for greater care in design than almost any other mechan¬ 
ical element if the desired results are to be obtained. Not only must the 
limiting stresses be taken into account, but the elastic modulus must be 
considered also, so that the proper load-deflection rates will be obtained. 

In many cases, springs of the nickel-base alloys are used to replace 
springs made of other materials. The substitution cannot be made size 
for size in all cases if the results are to be satisfactory. 

Monel, nickel, Inconel, “K” Monel and “Z” Nickel are well suited 
to spring applications, the choice among them being made in each case 
on the basis of chemical, mechanical and electrical considerations. 

Springs made of these materials are more resistant to corrosion than 
steel springs of equivalent strength. In comparison to springs of other 
non-ferrous materials they are stronger and stiffer and retain their prop¬ 
erties to higher levels of temperature. 

After study of the chemical requirements has shown how well each 
of these materials will meet the conditions, the mechanical and electrical 
factors should be examined, thus: 

(a) Are space limitations such that Monel or nickel can be used without 
stresses running too high, or must a higher-strength nickel alloy be used? 

(b) Are operating temperatures such that some materials will experience 
excessive “relaxation”, or loss in load-carrying capacity, at a given deflec¬ 
tion? 

(c) Are any particular magnetic or electrical properties required? Must 
the spring carry electrical current, in which case resistivity may be a 
factor? 

In considering (a), the materials may be listed in the following order 




. 19. 









SPECIAL MECHANICAL PROPERTIES 


of merit on the basis of room-temperature strength, age-hardened “Z” 
Nickel being the strongest: 

1— “Z” Nickel 

2— “K” Monel 

3— Inconel 

4— Monel 

5— Nickel 

With respect to (b), the materials may be listed in decreasing order 
of safe working stress at high temperatures, as follows: 

1— Inconel 

2— “Z” Nickel and “K” Monel, equal 

3— Monel 

4— Nickel 

It is evident that for high-temperature service Inconel, rather than 
“K” Monel or “Z” Nickel, is the preferred material. “K” Monel and 
“Z” Nickel are very useful up to about 500° F., and Inconel is best at 
temperatures above about 500°-550° F. 

With reference to (c), the following list indicates the order of elec¬ 
trical resistivity, the values given being approximate: 

1 — Nickel — 57 ohms per cir. mil ft. at 68° F. 

2— “Z” Nickel — 100 ohms per cir. mil ft. at 68° F. 

3— Monel — 290 ohms per cir. mil ft. at 68° F. 

4— “K” Monel — 373 ohms per cir. mil ft. at 68° F. 

The materials are listed below in decreasing order of magnetic per¬ 
meability : 

1— Nickel and “Z” Nickel, equal 

2— Monel 

3— Inconel 

4— “K” Monel 

“K” Monel is non-magnetic, even at sub-zero temperatures and in 
heavily cold-worked forms. Inconel is substantially non-magnetic. Values 
are given in Section E, Table E-l. 

It should be borne in mind that for any material the allowable work¬ 
ing stress will depend upon the magnitude of the following factors: 

1— Range of stress during operation. 

2— Frequency of stress applications. 
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3— Operating temperature. 

4— Permissible relaxation under load 

at the operating temperature. 

It is evident from the foregoing discussion that many characteristics 
of each material must be considered in selecting the best material for any 
given application. The important characteristics of each material are: 

(1) “Z” Nickel—high stresses; operating temperatures not over 500° F.; 
good magnetic permeability; good electrical conductivity. 

(2) Nickel — moderate stresses; operating temperatures not over 
400° F.; good magnetic permeability; good electrical conductivity. 

(3) “K” Monel—fairly high stresses; operating temperatures not over 
500° F.; non-magnetic applications; fair electrical conductivity. 

(4) Monel — moderate stresses; operating temperatures not over 
500° F.; slightly magnetic; fair electrical conductivity; lowest cost if 
mechanically satisfactory. 

(5) Inconel—high stresses; particularly useful at temperatures between 
500° F. and about 700° F.; essentially non-magnetic. 

By designing to conservative values of stress, springs of these mate¬ 
rials may be operated at temperatures somewhat higher than those given 
in the above summary. 

The important mechanical properties of the five materials, in the 
forms generally used for the production of springs, are listed in Table 
H-18. The values for wires apply to 5 /ie-in- diam. maximum. 

Table H-19 gives minima values for spring wires, in diameters up 
to 1 in. inclusive, which may be used for design purposes. 

It will be noted that all these materials possess higher moduli of 
elasticity than do other non-ferrous materials that are useful for springs. 
In spring applications the modulus of the material affects design con¬ 
siderably. It is important, therefore, to consider the effects of modulus, 
especially when a change is made in the material used for a spring. 

In the case of flat springs, where only the thickness of the part can 
be altered conveniently, the required thicknesses of materials for any 
given width and required characteristics will be in inverse proportion 
to the cube roots of their moduli. The required thickness of a flat spring 
of one of the high-nickel materials will be, therefore, less for the same 
application, than that of a spring made from a material having a lower 
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modulus. This results in higher stresses in the high-nickel materials under 
equal loads, but in most cases their higher strengths enable them to with¬ 
stand the higher stresses. 

In the case of coil springs, of both the torsion and the tension com¬ 
pression types, the problem of compensating for modulus permits of a 



TABLE H-18 

Mechanical Properties of Nickel and Some Nickel-Base Alloys in 
Forms Used for the Manufacture of Springs 








Torsional 





Tensile Properties 

Properties 






Elonga¬ 

Modulus 

Propor¬ 

Modulus 


Material 

Form 

Temper 

Tensile 

tion 

of Elas¬ 

tional 

of Elas¬ 

Hardness 

Strength 

in 2 in. 

ticity 

Limit 

ticity 

Rockwell 




1000 psi. 

per cent 

10 8 psi. 

1000 psi. 

10 8 psi. 

B or C 


Cold-rolled strip 

Half-hard 

80-100 

40-22 

26 

— 


83-89 B 


%-hard 

87-108 

30-15 

26 

— 


90-93 B 

Monel 


Hard 

95-120 

24-10 

26 

— 


94-97 B 


Full-hard 

100-140 

15-2 

26 

— 

— 

98 B min. 


Cold-drawn wire 

Spring 

140-170 

10-2 

26 

60-75 

9.5 

— 


Cold-rolled strip 

Half-hard 

74-86 

40-30 

30 

— 

— 

80-85 B 


M-hard 

80-96 

36-20 

30 

— 

— 

86-91 B 

Nickel 


Hard 

90-105 

30-12 

30 

— 

— 

92-95 B 


Full-hard 

90-130 

15-2 

30 

— 

— 

96B min. 


Cold-drawn wire 

Spring 

125-155 

15-2 

30 

50-65 

11 

— 


Cold-rolled strip 

Half-hard 

115-130 

28-18 

31 

— 

— 

12-16 C 


H -hard 

120-140 

24-12 

31 

— 

— 

16-20 C 

Inconel 


Hard 

130-150 

17-7 

31 

— 

— 

21-26 C 


Full-hard 

145-170 

10-2 

31 

— 

— 

27 C min. 


Cold-drawn wire 

Spring 

165-185 

10-2 

31 

75-85 

11 

— 


Cold-rolled strip 

Soft 

90-105 

40-30 

26 

— 

— 

-5 to 
+8 C 



Soft, age- 

130-150 

25-10 

26 

— 

— 

20-30 C 



hardened 






15-28 C 



J^-hard 

H-hard, 

125-145 

20-10 

26 



28-35 C 

.. K „ 

Monel 


age- 

hardened 

150-180 

15-5 

26 

— 

— 

25-32 C 


Full-hard 

Full-hard, 

145-165 

8-2 

26 

— 



33-40 C 



age- 

hardened 

170-200 

10-2 

26 

— 

— 



Cold-drawn wire 

Spring 

145-175 

4-2 

26 

60-70 

9.5 

— 



Spring, 

age-hrdnd. 

170-200 

8-3 

26 

70-85 

9.5 



Cold-rolled strip 

Soft 

90-120 

50-25 

30 

— 

— 

— 10 to 
+10 C 



Soft, 

150-190 

20-10 

30 

— 

— 

30-40 C 



age-hrdnd. 

M-hard 

130-155 

15-3 

30 

_ 

_ 

25-34 C 

“Z” 


K-hard. 






33-42 C 

Nickel 


age- 

hardened 

160-210 

20-7 

30 



30-40 C 



Full-hard 

155-190 

10-2 

30 

— 

— 



Full-hard, 

age-hrdnd. 

180-230 

15-5 

30 

70-85 

11 

36-46 C 


Cold-drawn wire 

Spring 

Spring 

150-200 

5-2 

30 

— 


190-240 

10-5 

30 

85-100 

11 

— 



age-hrdnd 
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TABLE H-19* 

Minimum Tensile Strength of Spring-Temper Wire 
and Rod, 1000 psi. 






“K” Monel 

“Z” Nickel 

Diam. 

in. 

Monel 

Nickel 

Inconel 

As- 

drawn 

Age- 

hardened 

As- 

drawn 

Age- 

hardened 

To 0.0285 . 

160 

125 

175 

165 

180 

170 

205 

Over 0.0285 

to 0.0571 . 

160 

125 

175 

165 

180 

165 

200 

Over 0.0571 

to 0.114. 

150 

125 

175 

155 

175 

160 

195 

Over 0.1144 

to 0.2294 . 

140 

125 

170 

150 

170 

155 

190 

Over 0.2294 

to %. 

140 

125 

165 

145 

170 

150 

190 

Over % 

to % . 

135 

125 

160 

135 

170 

145 

190 

O 

< 

130 

125 

155 

125 

165 

135 

185 

Over Mg 

to % . 

130 

125 

150 

120 

160 

130 

180 

Over Vi 

to % . 

120 

115 

140 

115 

160 

125 

170 

Over % 

to % . 



125 

No min. 

145 

No min. 

160 

Over % 

to 1. 



115 

No min. 

145 

No min. 

160 


•NOTES: 

1. “K” Monel and “Z” Nickel: 

“K” Monel and “Z” Nickel can be hardened thermally and spring temper wire and rod are 
supplied in these alloys either “as-drawn” or age-hardened. On material ordered for forming 
by bending, it generally will be found advisable to specify the “as-drawn” wire or rod and 
age-harden after forming whenever the diameter is over 5/16 in., and on all smaller sizes 
whenever the material is to be formed into springs that have a pitch diameter less than 4 times 
the wire diameter and whenever sharp, right-angle bends are to be made in the wire. The age- 
hardened material may be specified for all other bending operations and its use has the advan¬ 
tage of eliminating age-hardening by the user after forming operations are completed. 

2. Bend Tests: 

All wire up to and including 0.2294-in. diam. except age-hardened “K” Monel and *‘Z” 
Nickel, shall withstand bending through 180 degrees around its own diameter, without cracking. 

All wire and rod over 0.2294-in. diam. except age-hardened “K” Monel and “Z” Nickel, shall 
withstand bending through 180 degrees around a rod that is twice the diameter of the wire or 
rod being tested, without cracking. 

“K” Monel and “Z” Nickel wire furnished in the age-hardened condition in sizes up to and 
including 0.1144-in. diam. shall withstand bending through 180 degrees around its own diam¬ 
eter without cracking. 

“K” Monel and * r Z” Nickel wire and rod furnished in the age-hardened condition in sizes 
over 0.1144-in. diam. shall withstand bending through 180 degrees around a rod that is twice 
the diameter of the wire or rod being tested, without cracking. 
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number of solutions. This is because of the fact that not only wire size 
but also the coil diameter and number of coils affect the deflection rate. 
For the same reason, however, it is often easier to compensate by change 
in design, because there are three variables that can be altered. In any 
coil spring, the product of the modulus times the moment of inertia of 
the wire cross-section (El for a torsion spring, or GJ for a tension or 
compression spring) must bear a constant ratio to the active length of 
the wire (ir DN), i.e., the mean coil circumference times the number of 
active coils, in order to maintain a given load rate. 

It should be borne in mind, also, that changes in coil spring design 
must be checked for their effect on working stresses. It is, therefore, most 
desirable in designing for different spring materials, to compensate for 
modulus differences by keeping the coil diameter and wire size constant 
and simply varying the number of active coils in direct proportion to the 
modulus of the material. The stress at any given load then will remain 
unchanged. 


Design Formulae 

In the following sub-sections, formulae are given that are useful in 
designing springs of the high-nickel materials. The definitions of the 
symbols used are tabulated below. 


Definition of Symbols 

D = mean diameter of coils, in. 

E = bending modulus of elasticity, psi. 

F = angular twist of torsion spring caused by moment M, degrees. 

G = torsional modulus of elasticity, in. 

Ki= stress factor for effect of curvature in all tension or compres¬ 
sion springs; it is dependent on n. 

K 2 = stress factor for effect of wire shape in rectangular wire tension 
or compression springs; it is dependent on c. 

K 3 = deflection factor for effect of wire shape in rectangular wire 
tension or compression springs; it is dependent on c. 

K 4 = stress factor for effect of curvature in round wire torsion 
springs; it is dependent on n. 

K 5 = stress factor for effect of curvature in rectangular wire torsion 
springs, or bent flat springs; it is dependent on n. 

M = bending or twisting moment acting on spring, in-lb. 

N = number of active coils. 

P = load acting on tension or compression spring, lb. 

R = mean radius of curvature in bent flat springs, in. 

S b = maximum bending (tension or compression) stress, psi. 
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S 8 = maximum shear (torsion) stress, psi. 

U = energy, in-lb. stored in spring under load P or moment M. 
a = short dimension of rectangular wire in compression or tension 
springs, in. 

b = long dimension of rectangular wire in compression or tension 
springs, in. 

c = form ratio of rectangular wire, b/a. 
d = diameter of round wire, in. 
f = deflection caused by load P, in. 
n = spring index; 

= ^-for round wire in all types of springs; 

= D/a for rectangular wire tension or compression springs with 
wire coiled “flat”; 

= D/b for rectangular wire tension or compression springs with 
wire coiled “on edge”; 

= D/x for rectangular wire torsion springs; 

2 R 

= —— for bent flat springs. 

t = thickness of flat springs, in. 
w = width of flat springs, in. 

x = dimension at right angles to spring axis, of rectangular wire in 
torsion springs, in. 

y = dimension, parallel to spring axis, of rectangular wire in torsion 
springs, in. 

Values of the various constants K 4 to K 5 with the corresponding 
values of n or c are listed in Tables H-20 and H- 21 . 


TABLE H-20 

Values of Constants K 1# K 4 and K 5 for Corresponding Values of n 


n 

Kj 

k 4 

k 6 

2 

2.06 

1.61 

1.54 

3 

1.58 

1.33 

1.29 

4 

1.40 

1.23 

1.20 

5 

1.31 

1.18 

1.15 

6 

1.25 

1.14 

1.12 

8 

1.18 

1.10 

1.09 

10 

1.14 

1.08 

1.07 

12 

1.12 

1.06 

1.06 

15 

1.09 

1.05 

1.04 

20 

1.07 

1.04 

1.03 

25 

1.06 

1.04 

1.03 
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TABLE H-21 


Values of Constants K 2 and K s for Corresponding Values of c 


c 

k 2 

k 3 

1.0 

4.80 

5.55 

1.4 

4.28 

4.01 

2.0 

3.90 

3.32 

2.5 

3.72 

3.07 

3.0 

3.60 

2.92 

4.0 

3.45 

2.76 

6.0 

3.30 

2.61 

10.0 

3.18 

2.50 

20.0 

3.09 

2.40 

50.0 

3.04 

2.38 

100.0 

3.02 

2.37 


Helical Compression or Tension Springs 

A. ROUND WIRE SECTION 

c 8 P D K, 

w d 3 . 

8 P D 3 N 

* G d 4 . 


( 1 ) 

( 2 ) 

( 3 ) 


B. RECTANGULAR WIRE SECTION 

c _PDK,K, 

2 a 2 b . 

_ P D 3 N K 3 

1 G a 3 b . 


•( 4 ) 

.(5) 

( 6 ) 


For rectangular wire sections, values of K 2 , given in Table H-21, 
will be correct whether the wire is coiled with its long or its short dimen¬ 
sion parallel to the coil axis. However, values given for K, in Table H-20 
are true only when the long dimension parallels the coil axis. When the 
short dimension parallels the coil axis (wire coiled “on edge”), true 
values for K, would be somewhat less than those listed, but the error 
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would be on the side of safety and listed values for K, may be used to 
avoid lengthy computations. 


C. SQUARE WIRE SECTION 

This is simply a special case of rectangular wire in which a = b. 
Helical Torsion Springs 


A. ROUND WIRE SECTION 


= 32 M K 4 

7T d 3 


3670 M N D 

Ed 4 


U = 


F M 
115 


( 7 ) 

( 8 ) 
( 9 ) 


B. RECTANGULAR WIRE SECTION 

( 10 ) 

( 11 ) 

( 12 ) 

It should be noted that dimension x may be greater or less than y, 
depending upon which is parallel to the spring axis. Values given for 
K 5 in Table H-20 are applicable regardless of the wire proportions. 

C. SQUARE WIRE SECTION 

Again, this is simply a special case of rectangular wire in which 
x = y. 

Flat Springs 

Flat springs can be made in an infinite number of shapes, and can 
be loaded in all conceivable manners. For this reason, it is not possible 
to establish general design equations. Each application calls for its own 
analysis. The first requirement is the determination of the bending 


S b = 


F = 


U = 


6MK, 
x 2 y 

2160 MNP 
E x s y 

F M 

115. 


•27* 






















SPECIAL MECHANICAL PROPERTIES 


moment, at the point of maximum stress, from which the stress may be 
computed by formula (13), 


e 6 M K 5 

t 2 w 


(13) 


which is the same formula as is used for torsion springs of rectangular 
wire section. The factor K 5 takes care of stress concentration if the spring 
is bent at the point of maximum stress. If the piece is flat at this point, 
then K 5 = 1.00 and can be neglected. 

The maximum stress may not come at the point of maximum bending 
moment because: 

1— Other sections with slightly lower bending moment may have higher 
stress due to curvature. 

2— Other sections may have higher stress because of smaller dimensions, 
holes or other special circumstances. 

It is advisable to compute the stress not only at the point of maxi¬ 
mum bending moment, but also at points where sharp curvature exists 
or where there are sudden changes in width or thickness. 


Stress Equalizing and Age Hardening 

The five materials are cold worked to produce spring tempers and 
should be properly stress relieved, or “blued,” in order to obtain the best 
service. Monel and nickel springs should be heated for 1 hour at 650° F. 
Inconel, because of its wide use at elevated temperatures, should be 
heated 1 hour at 900° F. If these alloys are to he cold pressed, this 
operation should be done after stress relieving. 

If “K” Monel and “Z” Nickel are age hardened after fabrication, 
the aging treatment will automatically take care of stress relief. If pre¬ 
hardened wire or strip are used, a stress relief of 1 hour at 650° F. 
should be carried out after any severe forming. Any cold pressing to 
remove “set” should be carried out after all heat treatments. 

The age hardening treatments for “K” Monel and “Z” Nickel are 
explained completely on pages 37 to 40 of Section M. 


CAVITATION-EROSION RESISTANCE 

Cavitation-erosion, usually referred to simply as “cavitation,” is a 
form of deterioration in which mechanical effects, accompanied and 
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aggravated by the chemical effects usually associated with corrosion, are 
predominant. 

Cavitation is defined as the formation of transient voids in a moving 
stream of liquid in the vicinity of a solid body. The inertia of the rapidly 
moving liquid makes it tend to continue in a given direction rather than 
to follow the contour of the solid surface over which it flows. The voids 
then formed do not represent a complete vacuum. They consist of space 
filled with the vapor of the liquid at the relatively low pressure corre¬ 
sponding to its temperature, plus any dissolved gases that may be re¬ 
leased into the lower pressure space. 

The collapse of cavitation voids produces a pounding or hammering 
effect which may result in deformation and fatigue of a metal or an alloy. 
It may serve also to remove films that otherwise might arrest corrosion. 
In addition to the hammering effect, compressed vapors or liquids may 
be forced into the metal structure to produce, upon subsequent sudden 
release of pressure, actual rupture of the metal surface. The formation 
and collapse of voids often occur with very great frequency. The net 
result is a deterioration of the surface of metallic material all out of 
proportion to what might be expected from simple corrosion uncom¬ 
plicated by the mechanical forces associated with cavitation. 

The theory of cavitation-erosion has been a subject of discussion ever 
since its effects were first noticed long ago on marine propellers and 
hydraulic turbine runners. Within comparatively recent years, testing 
methods and equipment have been devised to provide a means of evalu¬ 
ating the relative merits of materials of construction under controlled 
conditions. While such tests have been directed mostly towards the 
problem of cavitation in hydro-electric turbines, the results may be 
applied reasonably well to such other equipment as pumps, propellers, 
agitators and valve parts, on which cavitation occurs frequently. 

Great progress has been made not only in improvements in testing 
methods but also in the design and operation of equipment so as to 
obviate destructive cavitation. Furthermore, practical experience with 
materials in service has provided a background of knowledge to supple¬ 
ment and to aid in appraising the data developed by laboratory tests. 

Studies of the characteristics of materials of construction have shown 
that their resistance to cavitation is influenced by: 

1. Resistance to corrosion, 
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2. Yield strength, 

3. Ability to withstand overstressing and to 
distribute locally applied stresses, 

4. Initial hardness, 

5. Susceptibility to strain hardening, 

6. Corrosion-fatigue limit, 

7. Uniformity of grain structure. 

It is natural that in a general way the higher the values for these 
characteristics are, the better will a material resist cavitation conditions. 
However, the optimum values are not necessarily the highest obtainable 
with respect to any one property. The relative importance of the factors 
listed will vary from case to case, but it seems reasonable to conclude that 
in corrosive environments, resistance to corrosion will assume major 
importance. 

A review of the properties of Monel, nickel and Inconel, described in 
detail in other Sections of this book, will show that these materials possess 
the characteristics required for high resistance to cavitation-erosion. 

The merit of Monel has been demonstrated by its successful use to 
replace other materials where severe service conditions have been encoun¬ 
tered in the operation of high-speed marine propellers, pump impellers 
and hydraulic valves, as well as by laboratory tests. Laboratory cavita¬ 
tion tests have shown the harder “K” Monel to be superior to Monel. 
Likewise, the hard casting alloys, “H”* Monel and “S”* Monel, are 

TABLE H-22 


Data Obtained From Cavitation-Erosion Tests With a 
Venturi or Double Weir Apparatus 5 

47 Cycles Per Second with Fresh River Water 


Material 

Cavitation-erosion loss 
mm. 8 in 16 hr. at 20°C. 

Monel . 

27 

“Z” Nickel. 

T neon el . 

9 

27 

“H” Monel as-rast . 

11 

Ca«t Steel 0 3 ner cent carbon . 

62 

V_dot kJlCvl| \J pv 1 vClit vUi 

C*a ct T ron . 

636 


_ 


* Reg. U. S. Pat. Off. 
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superior to both wrought and cast Monel, the improvement being roughly 
proportional to the hardness which is controlled by the silicon content. 
Experimental data on pure nickel are lacking, but its performance in 
high-speed pumps has been satisfactory. The data for “Z” Nickel show 
it to possess exceptional resistance to cavitation-erosion. 

Monel and “K” Monel, deposited by metallic-arc welding, have been 
used successfully to build up steel parts that have suffered cavitation- 
erosion. This practice should provide an economical means of repairing 
cavitation damage to such equipment as hydraulic turbine runners. 

The data in Tables H-22 and H-23 abstracted from the literature, 5 ’ 6 
are indicative of the cavitation-erosion resistance of Monel, “Z” Nickel, 
Inconel, “H” Monel and “S” Monel. 

In comparing the tabulated values, it should be noted that those of 
Table H-23 were obtained under considerably more severe exposure con¬ 
ditions than are ordinarily encountered in practice, or were associated 
with the venturi type apparatus referred to in Table H-22. The relatively 
short vibratory test also tended to narrow the apparent gap between 
good and poor materials and to over emphasize the influence of mechan¬ 
ical properties relative to corrosion-resisting properties. 


TABLE H-23 

Data Obtained From Cavitation-Erosion Tests With a 
Vibratory, or Oscillatory Apparatus'* 

6690 Cycles Per Second (60 Minute Test) 


Material 


Monel. 

“K” Monel, cold-drawn, age-hardened 

“S” Monel, as-cast. 

Cast Steel, 0.33 per cent carbon. 

Cast Iron. 


Cavitation-erosion loss 

mg. per hr. 

Fresh Water 

Sea Water 

53 

53 

24 

25 

20 

21 

63 

72 

90 

100 


5 Pitting Resistance of Metals Under Cavitation Conditions. J. M. Mousson. Trans. Am. Soc. 
Mech. Engr. 59, No. 5, 399-408 (1937). 

6 Determination of the Relative Resistance to Cavitation Erosion by the Vibratory Method. 
S. Logan Kerr. Ibid., 59, No. 5, 373-97 (1937). 
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PROPERTIES OF SOME METALS AND ALLOYS 


^JM HE data assembled in Table 1-1 have been obtained in recent 
correspondence directly from producers 1 of the several materials 
listed. 

Chemical analyses are nominal values; those for nickel represent 
nickel plus a small amount of cobalt. 

Mechanical properties have been expressed as average values for 
the materials in each of their several commercial conditions or tempers, 
rather than as range values. An appreciable plus or minus variation 
therefrom may be expected, therefore, depending on the sizes in which 
the several materials are available. Strength is generally higher, and 
ductility correspondingly lower, in the smaller sizes of rod and bar 
materials and in cold-drawn wire; the reverse is true in the larger sizes. 

In the cases of heat-treated carbon and stainless steels, mechanical 
properties and hardnesses vary widely with the heat treatment used. 

The data are included to facilitate general comparison and are not for 
u§e in specifications nor for design. 

'Wrought and cast Monels, nickel, Inconel and 
related alloys, cupro nickels, silver, gold, plati¬ 
num and its alloys, palladium. 

Nickel silver, nickel bronze. 

Plain and alloy irons and steels. 


Haynes Stellite Company 
New York, N. Y. 

Burgess-Parr Company 
Freeport, Ill. 

Aluminum Company of America 
Pittsburgh, Pa. 

The American Brass Company 
Waterbury, Conn. 

Chase Brass & Copper Co. 

Cleveland, Ohio 

Scovill Manufacturing Company 
Waterbury, Conn. 

Revere Copper and Brass Incorporated 
New York, N. Y. 


Hastelloy . 

Ulium . 

Aluminum and related alloys. 

Copper, brass, bronze, nickel silver, Ambrac, 
cupro-mckels . 


The International Nickel Company, Inc 
67 Wall Street 
New York, N. Y. 
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Tin . 

Lead and solders . 

Zinc and related alloys. 

Dow metal . 

Silver solders . 

Wrought iron . 

Stainless steels, wrought. 

Stainless steels, cast. 

Wrought nickel-chromium-iron alloys 

Cast nickel-chromium-iron alloys. 

Duriron and related alloys. 


International Tin Research & Develop¬ 
ment Council 
Greenford, England 

National Lead Company 
Brooklyn, N. Y. 

The New Jersey Zinc Company (of Pa.) 
Palmerton, Pa. 

The Dow Chemical Company 
Midland, Mich. 

Handy & Harman 
New York, N. Y. 

A. M. Byers Company 
Pittsburgh, Pa. 

United States Steel Corporation 
Pittsburgh, Pa. 

Republic Steel Corporation 
Massillon, Ohio 

Allegheny Ludlum Steel Corporation 
Brackenridge, Pa. 

Crucible Steel Company of America 
New York, N. Y. 

Michigan Steel Casting Company 
Detroit, Mich. 

{ Driver-Harris Company 
Harrison, N. J. 

Crucible Steel Company of America 
New York, N. Y. 

Michigan Steel Casting Company 
Detroit, Mich. 

Driver-Harris Company 
' Harrison, N. J. 

Crucible Steel Company of America 
New York, N. Y. 

The Duriron Company, Inc. 

Dayton, Ohio 
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Annealed. 3 Age-hardened. 6 Half-hard temper. 7 Solution heat-treated, aged and cold-worked. 

As-cast. 4 Hard temper. 0 Solution heat-treated and aged. 8 Solution heat-treated. 
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PROPERTIES 

OF 

SOME METALS AND ALLOYS 
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PROPERTIES OF SOME METALS AND ALLOYS 
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PROPERTIES OF SOME METALS AND ALLOYS 


Cast Iron 

*>> 

It 

S£ 

2 

Ni-Resist* 

Ni-Resist. 

copper-free 

Ni-Hard* 

low- 

carbon 

Ni-Hard 

high 

carbon 

Carbon Steel 

SAE 1020 

Cast Carbon 

Steel 





9-n 


f*5 

© I ?o 1 wt 

" I ~ | 


o 

CO 

© 

co 

400 


1050 

1050 



o 

vO 


310 

320 





460 


6.0 

6.7 

o 

© 

o 

© 

4.4 

4.4 

6.7 

6.7 







© 

© 

t>» 

© 

© 

2150 

2280 

2150 

2150 

2150 

2150 

2760 

2745 

OIL 

7.20 

00 

** 

00 

t>.‘ 

7.40 

7.40 

7.86 

7.84 

0.260 

0.260 

O 

N 

CN 

6 

o 

r^. 

O 

0.267 

0.267 

0.284 

0.283 

I 

260 

390 

170 

170 

525 

590 

600 

700 

o vO ID id 

© © ID 

T* vO 00 

0.5 

max. 


cs 

cn 



ID -h vO CN 
CO CO CN 

VO © ID 

CN CD CN 

IO 

cs 

oo 

vO 00 

O 

O 

CD 

e=^= 

ID f" 

CN ID 

T* lO 

©Ov»tO 

vOvoOOv 

CN© © 

00 Ov 


« 

SI 





© ID© CN 
Tf rf 00 VO 

© ID © 

•«t Tj* O 

CO 

03 

u 

Cast 2 

Cast 12 

c§ 

u 

Cast 2 

Sand-cast 2 

Chill-cast 2 

m to 

S3 

•o a 

lu 

Annealed 

Hot-rolled 

Hardened 13 

Hardened 14 

cn to co 
ccj rt rt 

uuu 

Fe —Bal. 

C —3.4 

Si —1.8 

Mn—0.5 

Fe —Bal. 

C —2.7 

Ni —2.3 

Si —1.8 

Mn—0.8 

Mo—0.4 

Cr —0.3 

ID id, 00 id 00 cd 
^ ID d CN CN 

illiIii 

(SzdouiflS 

^ ID 00 00 CD 

gONCN^ 

MINI 

<u'*+ 1_ ,e 

tefcUUSSS 

id id 

iffft 

iSzodl 

Fe —Bal. 

Ni —4.5 

C —3.5 

Cr —1.5 

Mn—0.4 

Fe —Bal. 

Mn—0.45 

Si —0.25 

C —0.20 

Fe —Bal. 

Mn—0.70 

Si —0.40 

C —0.30 

Cast Iron 

Ni-Tensyl- 

iron+ 

Ni-Resist* 

Ni-Resist, 
copper-free 

Ni-Hard* 

low- 

carbon 

Ni-Hard 

high 

carbon 

Carbon Steel 
SAE 1020 

Cast Carbon 
Steel 




at 

el 

c o 


t ll 

c2 ^ * H 
i 03 cn 

1 >g. 

" SI 

S « U 

2 

<u — rt 

> rt o 

<2 • a 3 

s § & s 
fig£s 

H «H ° 


c 

rt*» 

O. 

*8 §• 

J3i=S c 

Hi 

s§§ 

crSTS 
A «- c« 

Sag 

>PMW 


a c . 
£ 


-J* -cn 
Tj-O 
aj cu 

.jd,e 3 

T3 <j o rt 

« C C-o 
■m <u v a; 
rt 3 3 n 
2 ??- 
■* u U, 2 

i « « H 
u * « O 

E££:z; 


13 

o 


a g 

Ms* 


f+«f 


13 






















































PROPERTIES OF SOME METALS AND ALLOYS 
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PROPERTIES OF 

SOME METALS 
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MECHANICAL PROPERTIES AT ELEVATED 
TEMPERATURES 


ICKEL can contribute increased strength and resistance to oxida- 



1M tion at elevated temperatures to both non-ferrous and ferrous 
alloys and is particularly useful in the latter because it produces an 
austenitic structure which is associated with high creep strength particu¬ 
larly at relatively high temperatures. 

This section presents the most important high-temperature proper¬ 
ties of Monel, Inconel, nickel and their related nickel alloys. Included 
in the summaries are: (1) short-time, high-temperature properties, (2) 
hot-bend tests for evaluating hot ductility, (3) creep, (4) high-tempera¬ 
ture impact strength, (5) endurance limit at elevated temperatures, 
(6) hot hardness, and (7) the limiting service temperatures in different 
atmospheres. 

SHORT-TIME, HIGH-TEMPERATURE TENSILE PROPERTIES 

Short-time, high-temperature tensile data are useful for evaluat¬ 
ing the hot-working properties of a material. They should not be con¬ 
fused with creep data and cannot be used in finally establishing safe 
working stresses for engineering design of structures for service at high 
temperatures. 

The short-time strength properties, particularly yield strength, indi¬ 
cate the force which is necessary to deform the material by forging, 
rolling, pressing, and the like, at a given temperature. The elongation 
values indicate the amount of reduction in cross-sectional area that may 
be accomplished at a given temperature per unit of working time, (i.e. 
per hammer blow or per rolling pass) without causing rupture or 
fracture. 

For useful comparison, data for different materials must have been 
obtained under identical conditions of testing, especially the rate of 
application of the load. Rapid testing speeds invariably result in higher 
values. This is well illustrated by Fig. J-l, which shows the effect of 
the rate of application of the load on the tensile strength and elongation 
of hot-rolled Inconel at 1500° F. and of hot-rolled Monel at 1800° F. 
after having been held at temperature for 30 minutes before loading. 
The apparently opposite behavior of the elongations of Inconel and 
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0.50 1.00 1.50 2.00 2.50 


Testing Speed - In. per Min. 

Fig. J-l —Effect of rate of application of load on tensile strength and elonga¬ 
tion of hot-rolled Inconel at 1500°F. and of hot-rolled Monel at 1800°F. 
after holding at temperature for 30 minutes before loading. 


Monel is due to their oxidation-resisting characteristics and to the dif¬ 
ference in testing temperature. With Inconel, which has good resistance 
to oxidation at 1500° F., the elongation decreases proportionally to the 
increase in tensile strength. With Monel, the elongation increases with 
the increase in tensile strength because the more rapid testing speeds 
allowed less time at temperature and consequently less oxidation, and 
resulting surface damage, under temperature conditions for which Monel 
is unsatisfactory. 

Figs. J-2, J-3 and J-4 show values at high temperatures for three 
properties—yield strength, tensile strength and elongation—for hot- 
rolled Monel, nickel and Inconel. Figs. J-5 to J-8 give similar data 
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MECHANICAL PROPERTIES AT ELEVATED TEMPERATURES 





TABLE M 

Short-time, High-temperature Tensile Properties of 
Hot-rolled Monel 


Temperature 

’°F. 

Yield Strength 
(0.20% offset) 
psi. 

Tensile Strength 
psi. 

Elongation 
in 2 in. 
per cent 

Room. 

32,000 

81,000 

46 

200. 

29,000 

79,000 

46 

300. 

29,000 

78,000 

48 

400. 

26,000 

78,000 

44 

500. 

28,000 

75,000 

48 

550. 

27,000 

72,000 

51 

600. 

28,000 

78,000 

51 

650. 

26,000 

72,000 

50 

700. 

28,000 

70,000 

53 

750. 

30,000 

67,000 

51 

800. 

29,000 

71,000 

52 

850. 

28,000 

58,000 

44 

900. 

26,000 

57,000 

46 

950. 

24,000 

53,000 

40 

1000. 

23,000 

51,000 

29 

1100. 

20,000 

35,000 

30 

1200. 

18,000 

30,000 

34 

1300. 

13,000 

23,000 

29 

1400. 

13,000 

22,000 

46 

1500. 

9,000 

16,000 

58 

1600 . 

13,000 

54 

1700. 


12,000 

49 

1800. 


8,000 

45 
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MECHANICAL PROPERTIES AT ELEVATED TEMPERATURES 



Fig. J-3 — Tensile properties of hot-rolled nickel at elevated temperatures. 


TABLE J-2 

Short-time, High-temperature Tensile Properties of 
Hot-rolled Nickel 


Temperature 

°F. 

Yield Strength 
(0.20% offset) 
psi. 

Tensile Strength 
psi. 

Elongation 
in 2 in. 
per cent 

Room. 

24,000 

73,000 

49 

200. 

21,000 

77,000 

52 

300. 

21,000 

76,000 

46 

400. 

23,000 

79,000 

49 

500. 

24,000 

76,000 

48 

550. 

25,000 

78,000 

49 

600. 

22,000 

83,000 

50 

650. 

22,000 

81,000 

48 

700. 

22,000 

80,000 

50 

750. 

20,000 

75,000 

51 

800. 

21,000 

76,000 

52 

850. 

19,000 

70,000 

52 

900. 

20,000 

65,000 

51 

950. 

19,000 

56,000 

52 

1000. 

17,000 

46,000 

55 

1100. 

15,000 

37,000 

55 

1200. 

15,000 

34,000 

57 

1300. 

14,000 

32,000 

59 

1400. 

12,000 

27,000 

61 

1500 . 

25,000 

65 

1600 . 


16,000 

12,000 

76 

1700. 


84 

1800. 


8,000 

91 
















































































MECHANICAL PROPERTIES AT ELEVATED TEMPERATURES 





TABLE 1-3 

Short-time, High-temperature Tensile Properties of 
Hot-rolled Inconel 


Temperature 

°F. 

Yield Strength 
(0.20% offset) 
psi. 

Tensile Strength 
psi. 

Elongation 
in 2 in. 
per cent 

Room. 

36,000 

85,000 

49.5 

200. 

32,000 

81,000 

48.5 

300. 

31,000 

80,000 

49.5 

400. 

28,000 

78,000 

47.5 

500. 

28,000 

80,000 

46.5 

550. 

27,000 

78,000 

51.0 

600. 

27,000 

79,000 

51.0 

650. 

28,000 

80,000 

48.0 

700. 

27,000 

81,000 

48.0 

750. 

28,000 

81,000 

48.0 

800. 

28,000 

83,000 

50.0 

850. 

27,000 

81,000 

48.0 

900. 

24,000 

82,000 

41.0 

950. 

21,000 

80,000 

37.5 

1000. 

22,000 

79,000 

21.0 

1100. 

22,000 

76,000 

16.0 

1200. 

22,000 

71,000 

5.5 

1300. 

20,000 

57,000 

7.0 

1400. 

19,000 

47,000 

12.0 

1500. 


32,000 

23,000 

20,000 

15,000 

11,000 

23.0 

1600. 


32.0 

1700. 


36.0 

1800. 


51.0 

2000. 


66.5 
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MECHANICAL PROPERTIES AT ELEVATED TEMPERATURES 




Fig. J-6 — Tensile properties of age-hardened “Z” Nickel at elevated tempera¬ 
tures. 
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MECHANICAL PROPERTIES AT ELEVATED TEMPERATURES 



TABLE J-4 

Short-tune, High-temperature Tensile Properties of 
"K" Monel 


Temperature 

°F. 

Yield Strength 
(0.20% offset) 
psi. 

Tensile 

Strength 

psi. 

Elongation 
in 2 in. 
per cent 

Hot-rolled 

Hot-rolled, 

Age- 

hardened 

Hot-rolled 

Hot-rolled, 

Age- 

hardened 

Hot-rolled 

Hot-rolled, 

Age- 

hardened 

Room 

49,000 

111,000 

97,000 

160,000 

44 

23.5 

200 

45,000 

108,000 

96,000 

150,000 

42.5 

23.5 

300 

43,000 

106,000 

94,000 

148,000 

44.5 

25 

400 

44,000 

103,000 

92,000 

149,000 

42 

24 

500 

42,000 

108,000 

91,000 

146,000 

43.5 

24 

600 

36,000 

105,000 

94,000 

146,000 

39.5 

23 

700 

38,000 

103,000 

88,000 

135,000 

33 

16.5 

800 

39,000 

105,000 

87,000 

124,000 

29.5 

8.5 

900 

39,000 

98,000 

82,000 

109,000 

19 

5.5 

1000 

42,000 

92,000 

72,000 

95,000 

13.5 

3 

1100 

41,000 

84,000 

70,000 

84,000 

12 

2 

1200 

44,000 

80,000 

63,000 

80,000 

2.5 

1.5 

1300 

34,000 

48,000 

45,000 

59,000 

9.5 

3.5 

1400 

17,000 

30,000 

36,000 

45,000 

22.5 

8 

1500 


8,000 

30,000 

33,000 

32.5 

15 

1600 



15,000 

21,000 

53 

23 

1700 



13,000 

12,000 

56 

36 

1800 



10,000 

6,000 

65.5 

47.5 

1900 




4,000 


61 

2000 




3,000 


81.5 






























































MECHANICAL PROPERTIES AT ELEVATED TEMPERATURES 



Temperature - °F. 

Fig. J-8 — Tensile properties of age-hardened “K” Monel at elevated tem¬ 
peratures. 

for “K”* Monel and “Z ”* Nickel in both the quenched and age- 
hardened conditions. Numerical data are included in Tables J-l to J-4, 
inclusive. These data were determined after holding the material at 
temperature for 30 minutes before applying the testing load, then strain¬ 
ing at a rate of 0.016 in. per min. until the yield strength was deter¬ 
mined, and finally at a rate of 0.026 in. per min. until fracture resulted. 
The values are the average from duplicate tests and have been rounded 
off to the nearest 1000 psi. of strength property and to 0.5 per cent of 
ductility. 


Reg. U. S. Pat. Off. 


Elongation (% in 2 in.) 






























































MECHANICAL PROPERTIES AT ELEVATED TEMPERATURES 


HOT-BEND TESTS 

The hot-bend test is a rapid and simplified, short-time, high-tempera¬ 
ture test that has direct practical application. It indicates, essentially, 
the elongation resulting from a suddenly applied load. A small rectangu¬ 
lar or square section of a convenient length is heated under proper 
furnace conditions to a predetermined temperature and then bent, flat 
on itself, at this temperature, through 180° in approximately one 
second. The bending produces rapid elongation in the outer portions of 
the test specimen. 

The procedure that is practiced regularly in testing INCO mill 
products consists of heating a rectangular test bar, y 2 in. x 1 in. x 6 in., 
which has been previously set 45°, to a definite temperature, and bend¬ 
ing the bar flat on itself with a single blow of a small forging hammer. 
If the specimen negotiates this test without surface cracking, the mate¬ 
rial is suitable for commercial hot working at the temperature used in 
the test; if cracking or fracture occurs, forging or hot rolling may not be 
satisfactory at that temperature. 

By conducting this simple and rapid test at several temperatures 
from 1000° to 2300° F., the optimum hot-working range of a material 
may be determined. 

The hot-bend test results, together with those from the short-time, 
high-temperature tests, are the bases for the recommended temperatures 
for heating, forging and hot bending which are given in Section M, 
“Working Instructions.” 



















MECHANICAL PROPERTIES AT ELEVATED TEMPERATURES 


CREEP STRENGTH 

Creep tests conducted in conformance with the A.S.T.M. Tentative 
Standard E-22-38T, developed by the A.S.T.M.-A.S.M.E. Joint Com¬ 
mittee on the Effect of Temperature on the Properties of Metals, have 
given the rounded-off values that are summarized in Table J-5. The test 
pieces were machined from round bars, in. to 1 in. diam., from typical 
melts of Monel, “K” Monel, nickel and Inconel. 


TABLE J-5 

Creep Strength of Monel, "K" Monel, Nickel and Inconel 


Material 

Condition 

Tempera¬ 

ture 

*F. 

Stress, psi., to 
produce an elongation 
of 

0.10 per cent 
in 

10,000 hr. 

1.00 per cent 
in 

10,000 hr. 

Monel. 

Hot-rolled. 

750 

800 

900 

20,000 

15,000 

31,000 

23,500 

13,000 



“K” Monel.... 

Cold-drawn, age-hardened . . . 

750 

800 

900 

1,000 

67,000 

48,000 

25,000 

8,500 

45,000 

21,000 

Nickel. 

Hot-rolled. 

650 

750 

800 

15,000 

10,000 

24,000 


Cold-drawn, as-drawn. 




Inconel. 

Hot-rolled. 

800 

900* 

1,000 

1,100 

48,000 

28,000 

14,000 

6,000 

39,000 

22,000 

11,000 

* T> rtrvAO T7 



jL B d e hv W thi ) *h„S-.^ e . ?"!?,. St /'? S exceeds the yield stren 8 th - °- 20 P' r offset, os deter- 


Creep data are indicative of the safe unit loading to which materials 
can be subjected at given temperatures to produce definite secondary 
creep rates. 
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MECHANICAL PROPERTIES AT ELEVATED TEMPERATURES 


HIGH-TEMPERATURE IMPACT PROPERTIES 

Impact strength at elevated temperatures are determined as out¬ 
lined in Section H, after the test specimen has been properly heated to 
the desired temperature, withdrawn quickly from the furnace and placed 
in position for impact by the striking hammer. 

The test indicates toughness of a material, and the values determined 
are a useful addition to high-temperature data. 

The results with Inconel at temperatures up to 1400° F., using a 
standard Charpy U-notch specimen, are given in Table J-6. 


TABLE 1-6 


Charpy Impact Strength of Inconel at Elevated Temperatures 


Temperature 

°F. 

Charpy Impact Strength, Standard U-notch 
ft-Ib. 

Annealed 

Cold-drawn 

Room 

180 

114 

400 

181 

96 

600 

185 

87 

800 

187 

84 

1000 

160 

86 

1200 

160 

104 

1400 

154 

163 























MECHANICAL PROPERTIES AT ELEVATED TEMPERATURES 


ENDURANCE LIMIT AT ELEVATED TEMPERATURES 

The endurance limit at elevated temperatures is difficult to determine 
and few data are recorded in the technical literature. A comprehensive 
program is in progress in the laboratories of the Huntington Works to 
add to these useful data. 

Preliminary results of single tests at a speed of 3550 reversals of 
stress per min., using a ^ 2 -in. diam. by 16-in. long specimen with a 
reduced section in the high-temperature zone, have given the values 
summarized in Table J-7. 


TABLE J-7 

Endurance Limit of Monel, "K" Monel and Inconel at 
Elevated Temperature 


Material 

Condition 

Temperature 

°F. 

Stress 

psi. 

Reversals of Stress 

1,000,000 cycles 


Hot-rolled. 

1,000 

1,000 

25,000 

28,000 

100 

100 

ivionei. 

Cold-drawn. 


“K” Monel.. 

Hot-rolled, age-hardened 

900 

1,000 

50,000! 

43,000 

50 

100 

Inconel. 

Cold-drawn, annealed.. . 
Cold-drawn, annealed. . . 
Cold-drawn. 

1,000 

1,400 

1,600 

32.500 

14.500 
6,500 

100 

100 

100 



1 Private communication from Mechanical Testing Laboratories, Univ. of Ill., Urbana, Ill. 
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MECHANICAL PROPERTIES AT ELEVATED TEMPERATURES 


HOT HARDNESS 

A number of investigations of the hardness of metals at elevated 
temperatures have been recorded. Two general types of methods of test 
have been used: (1) actual use of the Brinell hardness tester, the anvil, 
specimen and shank holding the carbide ball being heated by a small 
furnace, and (2) the use of a weighted indenter dropped onto a specimen 
which is in, or has just been removed from, a furnace. 

In the former procedure standard equipment plus special sintered 
carbide balls is used. If the load is applied long enough, the data are 
true Brinell hardness numbers 2 ; its disadvantages are that the test 
procedure is slow and that it does not represent any very useful practical 
situation. 

In the latter procedure, which is a dynamic method, a combination 
of hardness and impact properties is measured. The data are neither 
convertible to, nor similar to, Brinell numbers. The procedure is rapid 
and adequate for comparative purposes and is probably applicable also 
over a wider temperature range than is the regular Brinell method and 
probably represents more nearly a practical situation where resistance 
to impingement as by a blow is involved. 

A suitable dynamic method of hot hardness measurement which 
gives useful data for evaluating the suitability of metals and alloys for 
use as valve trim at elevated temperatures has been developed at the 
Company’s Research Laboratory. A Charpy impact machine is used, 
with a 21.95 kg. hammer which falls through a height of 67.866 cm. 
and to which is secured a standard 10 mm. carbide Brinell ball. Various 
parts of the equipment are oriented so that at the instant of contact the 
ball is moving in a direction normal to the specimen surface. 

Test specimens, 1 in. diam. (or square) x Y in. thick, the plane 
surfaces of which were ground with fine emery or smoothly finished on a 
lathe, were heated to the desired temperature, tested, cooled to room 
temperature, the impression diameter measured, and the dynamic hard¬ 
ness number (DHN) secured by reference to a table of calculated 
values. The specimens were heated for 30 minutes at the test tempera- 


2 Hardness Testing at Elevated Temperatures. Oscar E. Harder, A.S.M. Handbook. 129-31 
(1939). 

Putting the heat on Valve Materials. M. G. Bolinger and Wm. Heilig. Power. 82, No. 4, 
89-91 (1938); Ibid. 83, No. 2, 86-7 (1939). 

Hot Hardness. John H. Hruska. Iron Age. 140, No. 3, 30-4 (1937). 

Statische und dynamische Warmharte von Stahlen. Richard Walzel. Archiv. fur Eisenhiitten- 
wesen. 12, 577-80 (1937). 
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ture, oxidation being avoided substantially by the use of a thin cover 
of finely powdered charcoal. After heating, the specimens were with¬ 
drawn quickly from the furnace and tested. 

The dynamic hardness number for a given material, tested as 
outlined, is defined as: 

Kinetic energy of falling hammer (kg. mm.) 

Volume of resulting impression (cu.mm.) 

Hot-hardness data for wrought nickel, some high-nickel non-ferrous 
alloys and cast Monels in the tempers commonly used for valve trim 
are summarized in Table J-8. Two carbon steels have been included 
for reference. All valves represent single tests. 

“S” Monel exhibits the highest dynamic hardness at elevated 
temperatures. Of the remaining alloys, cold-drawn Inconel, “H” Monel, 
age-hardened “K” Monel and age-hardened “Z” Nickel are the best, 
the hardness of the group ranging from 400 to 500 DHN at room 

TABLE J-8 


Dynamic Hardness of Materials at Elevated Temperatures 


Material 

Condition 

Hard¬ 

ness 

Brinell 

Room 

Temp¬ 

erature 

Dynamic Hardness 



Temperature— 

-°F. 



Hours at 
1200° F. 

Room 

200 

400 

600 

800 

1000 

1100 

1200 

2 

6 

26 

Monel. 

Annealed. 

131 

223 


199 

185 

172 


161 

157 

148 

150 

148 


Cold-drawn. . . 

205 

343 

335 

270 

241 

231 

204 

188 

173 

172 

168 

150 

“K” Monel... 

Age-hardened . 



385 

354 

322 

311 

311 

331 


263 

256 

241 

Nickel 

Annealed 

116 

202 

241 

174 

156 

149 

148 







Cold-drawn. . . 

212 

314 

314 

286 

274 

243 

229 






“Z” Nickel.. . 

Age-hardened . 

273 

423 

416 

381 

369 

369 







I nronel. 

Annealed. 

172 

279 

263 

254 

241 

227 

219 

221 

216 

192 

199 

202 


Cold-worked. . 

298 

502 

554 

427 

505 

416 

388 

385 

388 

314 

287 

207 

Monel. 

As-cast. 

134 

264 

245 

261 

229 

207 

196 

191 

190 

180 

173 

172 

• *TT”sk A/T^nol 

A PQ of 

203 

392 

377 

333 

333 

328 

327 






xi T ivionei.. 

“S”* Monel. . 

. 

Soft. 

268 

548 

515 

714 

467 

521 


595 

495 

628 

567 

511 


Age-hardened . 

354 

699 


714 

634 

641 

601 

548 

548 

548 

511 

462 

SAE1020 Steel 

Annealed. 

112 

228 

216 

188 

192 

231 

233 

221 

180f 

235 

176 

174 

SAE1070 Steel 

Annealed. 

161 

292 

272 

235 

221 

211 

241 

261 

256 

221 

194 

212 


t 1300° F. 

* Reg. U. S. Pat. Off. 















































MECHANICAL PROPERTIES AT ELEVATED TEMPERATURES 


temperature, to 300 to 400 DHN at 1200° F. The retention of a high 
hardness in age-hardened “K” Monel at 1200° F. is noteworthy. 

Some Brinell values from the work of M. G. Bolinger and Wm. 
Heilig 8 are quoted in Table J-9. The tests were made on 1-in. diam. x Y\ 
in. long specimens after 30 min. at temperature. A standard Brinell 
machine with a sintered carbide ball was used. The values, unlike those 
in Table J-8, do not show the effect of continued exposure at the respec¬ 
tive temperatures. 


TABLE J-9 

Brinell Hardness at Elevated Temperatures 


Material 

Condition 

Temperature—°F. 


Room 

700 

800 

900 

1000 

1100 

“K” Monel 

Hot-rolled. 

241 

223 

207 

201 

170 

179 

Hot-rolled, age-hardened . . . 

331 

311 

302 

293 

255 

229 

Inconel 

Hot-rolled. 

172 

143 

131 

134 

131 

134 


Cast. 

178 

170 

170 

170 

163 

163 







“S” Monel 

Soft. 

270 

248 

255 

255 

255 

241 

Age-hardened. 

388 

375 

398 

371 

367 

316 







































MECHANICAL PROPERTIES AT ELEVATED TEMPERATURES 


LIMITING SERVICE TEMPERATURES IN 
DIFFERENT ATMOSPHERES 

The data given in Table J-10 are based on practical experiences 
with Monel, nickel, “D”* Nickel and Inconel in contact with air, with 
steam and with corrosive sulfur-bearing gases at elevated temperatures, 
above those at which any film of aqueous condensate could exist. The 
data should not be used without first considering all the factors involved, 
such as cycle of operation, load, atmosphere, concentrations and the 
effects of other conditions not covered by this summary. 

Corrosive sulfur gases can be divided into two general classes: 

(1) those which have an oxidizing as well as a sulfidizing effect, typified 
by sulfur dioxide, and 

(2) those which have a reducing as well as sulfidizing effect, typified by 
hydrogen sulfide. 

High-nickel alloys are more susceptible to corrosion by sulfur gases 
under reducing than under oxidizing conditions. 


TABLE J-10 

Limiting Service Temperatures—°F. 


Material 

Sulfur-free 

Atmospheres 

Steam 

Sulfurous Atmospheres 

Temperature Below 
Which These Materials 
May Be Used** 

Temperature 
Above Which 
These Materials 
Cannot Be Used 

Oxidizing 

Reducing 

H 2 

Reducing 

CO 

Oxidizing 

Reducing 

Oxidizing 

Reducing 

Monel. 

1000 

2000 

1500ft 

700-800 

Up to 600 

Upto500§ 

1000 

650 

Nickel. 

1900 

2300 

2300 

800-900 

Up to 600 

Up to 500 

1000 

700 

“D” Nickel 

1650 

2100 

2100 

t 

600 

11 

1000 

t 

Inconel.. . . 

2000 

2100 

2100 

1100f 

1500 

1000 

1500 

1000 


tt Estimated. 

** These materials should not be used above the recommended minima temperatures without con¬ 
sulting INCO. 

§ Monel is not recommended for use in contact with crude oils containing sulfur at temperatures 
above 500° F. 

t No experience at higher temperatures. 

j Insufficient practical data to date. Applications approaching upper temperature limit should be 
referred to The International Nickel Co., Inc., for specific recommendations. 

H Inconel and “D” Nickel are superior to nickel and to Monel at all temperatures. 
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MECHANICAL PROPERTIES AT LOW 
TEMPERATURES 


M ONEL, Inconel, nickel and “K”* Monel have excellent properties 
at sub-zero temperatures. Strength properties and hardnesses 
increase with decreasing temperatures without appreciable decreases in 
ductility or impact values. This is in marked contrast to most ferrous 
materials which are brittle at low temperatures despite their increased 
strength. 

In Table K-l are summarized the results of a comprehensive study 
of low-temperature properties of Monel, Inconel, nickel and “K” Monel, 
made at the National Bureau of Standards, Washington, D. C. Tensile, 
hardness and Vee-notch Charpy impact properties were determined at 
atmospheric temperature and at — 110° F., on samples taken from 
^6-in. diameter rods. 

TABLE K-l 


Mechanical Properties at Low Temperatures* 





Yield 



Reduc¬ 

Hard¬ 




Tem¬ 

Strength 

Tensile 

Elonga¬ 

ness 

Impactf 

Material 

Condition 

perature 

(0.20% 

Strength 

tion 

tion of 

Rock¬ 


° F. 

offset) 

psi. 

in 2 in. 

Area 

well 

ft-lb. 




psi. 


per cent 

per cent 

C 

_ 


Cold-drawn 

Room 

93,700 

103,800 

19.0 

71.0 

19 

181 

Monel. 

Cold-drawn 

—110 

100,850 

117,450 

21.8 

70.2 

25 

178 

Cold-drawn 

Room§ 

93,300 

103,400 

17.3 

72.5 

21 

171 


Cold-drawn 

Room 

97,400 

103,400 

16.3 

66.9 

19 

204 

Nickel. 

Cold-drawn 

—110 

101,800 

112,300 

21.5 

60.9 

22 

215 

Cold-drawn 

Room§ 

95,750 

102,700 

16.3 

69.2 

20 

210 


Annealed 

Room 

36,800 

93,800 

37.3 

64.1 

82 B 

130 


Annealed 

—110 

42,400 

106,450 

39.8 

64.0 

87B 

134 

Inconel.... 

Annealed 

Room§ 

36,200 

93,000 

36.5 

64.4 

82 B 

139 

Cold-drawnt 

Room 

147,700 

152,100 

7.0 

49.3 

31 

54 


Cold-drawn t 

—110 

154,900 

163,900 

9.8 

51.2 

36 

60 


Cold-drawnt 

Room§ 

147,400 

151,900 

7.3 

49.3 

32 

52 


Cold-drawn, 
age-hardened 

Room 

125,900 

157,300 

15.5 

37.4 

33 

27 

4 K” Monel. 

Cold-drawn, 

age-hardened 

—110 

134,600 

171,550 

17.3 

41.1 

36 

27 


Cold-drawn, 
age-hardened 

Room§ 

125,850 

157,350 

14.8 

37.2 

33 

26 


* Bureau of Standards Report, June 14, 1937. , . . • T * 

t Impact tests were made in a 225 ft-lb. capacity Charpy machine using a standard Izod 
Vee notch specimen. 

§ Cooled to and held at —110° F. for several hours prior to testing at room temperature, 
t 50 per cent reduction in cross-sectional area by cold drawing. 

These data show a 5 to 15 per cent increase in yield and tensile 
strengths, with no appreciable changes in elongation, reduction of area, 
hardness, or Charpy impact values. 


*Reg. U. S. Pat. Off. 














































MECHANICAL PROPERTIES AT LOW TEMPERATURES 


Standard Charpy impact tests with Monel, Inconel and nickel at 
even lower temperatures have given similar results. The data are included 
in Table K-2. 

TABLE K-2 


Standard Charpy Impact Properties at Low Temperatures 


Material 

Condition 

Temperature —° F. 

Room 

Minus 

20 

Minus 

112 

Minus 

310 


Hot-rolled. 

219 


213 

196 

Monel... . 

Cold-drawn, annealed. . . 

216 

212 

219 

212 

Inconel. . . 

Hot-rolled . 

236 


206 

187 

Hot-rolled. 

195 


236 

227 

Nickel.. . 

Cold-drawn. 

185 


205 

210 

Cold-drawn, annealed. . . 

216 


235 

234 


The short-time, low-temperature tensile tests with hot-rolled rods, 
given in Table K-3, demonstrate low-temperature toughness in greater 
detail. 


TABLE K-3 


Short-time, Low-temperature Tensile Properties 





Yield 




Impact 



Tem¬ 

Strength 

(0.20% 

Tensile 

Elonga¬ 

Reduc- 

ft-lb. 

Material 

Condition 

perature 

Strength 

tion 

tion of 


Charpy 



° F. 

offset) 

psi. 

in 2 in. 

Area 

Izod 




psi. 


per cent 

per cent 





70 

67,000 

92,000 

31.0 

72.7 

119 

216 

Monel.. 

Forged. 

—297 

91,500 

128,250 

44.5 

71.8 

119 

216 


-423 

96,400 

142,000 

38.5 

61.0 




Annealed.. . 

70 

31,300 

78,650 

51.5 

75.0 

100 

189 


—297 

49,500 

115,250 

49.5 

73.9 

119 

184 



70 

24,600 

65,600 



98 


Nickel. 

Hot-rolled.. 

—112 

—292 

27,500 

28,000 

76,400 

98,000 



92 

98 




—310 

103,000 

5L0 




Inconel. 

Hot-rolled. . 

70 

—315 


87,000 

116,750 

42.5 

51.0 

71.9 

72.7 


213 

169 


Cold-drawn 

70 


145,000 

10.0 

35.1 


69 

Inconel. 

50 per cent 
reduction.. . 

—315 


182,000 

10.0 

49.5 


61 
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METALLOGRAPHIC EXAMINATION AND 
X-RAY DIFFRACTION ANALYSIS 


Methods in general use for macroscopic and microscopic examina¬ 
tions of nickel and nickel-base alloys are described and illustrated in 
this Section. Included also are a discussion of the determination and im¬ 
portance of grain size, and a brief summary of X-ray diffraction analysis. 

MACROSCOPIC EXAMINATION 
Preparation of Samples 

Roughness from saw cutting should be removed by grinding with a 
fine- or medium-grit wheel or by smooth-surface machining. The surface 
produced by commercial cutting-off machines is satisfactory generally. 

Etching 

Concentrated nitric acid is the best etchant for Monel, “R”* Monel, 
“K”* Monel, nickel and “Z”* Nickel. For Inconel, aqua regia, (3 parts 
by volume of concentrated hydrochloric acid to 1 part of concentrated 
nitric acid) gives the best results. A mixture of one part concentrated 
sulfuric acid, four parts concentrated hydrochloric acid and five parts 
water is recommended for cast Monel. The acids may be warmed, if 
necessary, to initiate the etching reactions. Five to ten minutes usually 
are sufficient, but etching may have to be continued longer in some cases 
until the desired contrast is obtained. 

Examination 

Surface and sub-surface cracks are defined sharply and are readily 
visible. Evidences of porosity are developed more slowly. Columnar, or 
dendritic, structure in cast sections and forging flow lines are developed 
by prolonged etching. The addition of approximately 10 per cent of 
ferric chloride to either solution will give greater contrast. 

Macrographs 

Photographs of typical macrostructures are given in Figs. L-l to 
L-4, inclusive. 


Reg. U. S. Pat. Off. 









METALLOGRAPHIC EXAMINATION, X-RAY DIFFRACTION ANALYSIS 



Fig. L-l —Portion of longitudinal section of 18 in. x 18 in. x 72 in., 
(7000 -lb.) nickel ingot. Etched with concentrated nitric acid. 



Fig. L-2 — Cross-section of 3 in. x 3 in. Inconel test ingot. Etched with 

aqua regia. 
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METALLOGRAPHIC EXAMINATION, X-RAY DIFFRACTION ANALYSIS 



Fig. L-3 —Longitudinal section of in.-diam. hot-rolled Monel rod. 
Etched with concentrated nitric acid. 



Fig. L-4 — Cross-section of 10 in.-diam. “K” Monel rough forging. 
Etched with concentrated nitric acid. 
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METALLOGRAPHIC EXAMINATION, X-RAY DIFFRACTION ANALYSIS 


MICROSCOPIC EXAMINATION 

Preparation of Samples 

Small specimens should be mounted in Bakelite, Lucite or other 
plastic. Lead, solder, or sulfur can be used when facilities are not avail¬ 
able for mounting in plastics. 

The sample should be cut, ground or filed flat, using a single-cut 
file and light pressures to minimize surface distortion. This rough prep¬ 
aration should be followed by hand or disk grinding with emery, alu¬ 
mina, or carborundum papers of successively increasing fineness to 400 
grit. Each successive cut should be at right angles to the preceding cut, 
and grinding with each successively finer grit should be continued until 
all scratches left by the preceding coarser grit have been removed. A 
well-worn, or a graphited paper should be used for the final grinding. 
The ground sample should be finished by polishing with levigated alu¬ 
mina or magnesium oxide on crepe silk, broadcloth, velveteen or billiard 
cloth. The magnesium oxide must be fresh, otherwise its carbonated 
product will scratch the sample. The cloth wheel must be wet enough to 
prevent dragging without causing pitting, and should operate at about 
300 to 400 r.p.m. It is best to rotate the specimens during the polishing 
operation. 1 

Electro-polishing methods are described elsewhere. 2 

Etching 

The selection of the most suitable etching reagent will depend upon 
what is to be investigated: inclusions, grain boundaries, or grain size. 
Etchants in common use are described in Table L-l. Unless otherwise 
specified, they should be used at room temperature. 

Etching Special Products and Welds 

Welded loints 

Weld metal etches more rapidly than wrought metal. 

Light etching with a suitable solution chosen from Table L-l will 
permit examination of the weld metal; then re-etching to the desired 
degree will develop the structure of the parent metal. With care and 

1 Am. Soc. Testing Materials Standard E2-39T. Part I, 1214-24 (1939) : Standard E3-39T. 
Ibid. 1178-1209. 

2 Electrolytic Preparation of Iron and Steel Micro-Specimens. G. E. Pellissier, Jr., Harold 
Markus and Robert E. Mehl, Metal Progress. 37, 55-7 (1940). 

Electropolishing. Report of the A.I.M.E. Round Table Discussion. Iron Age. 146 23-30 
(Dec. 26, 1940). 6 
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TABLE L-l 


Etching Solutions for Nickel, Monel and Inconel 


No. 

Etchant 

Composition 

Directions for Use 

Suitable For 

1 

Flat solution 

Nitric acid (cone.) 

Acetic acid (glacial) 

(Equal volumes) 

Prepare fresh daily. Use 
clear, white acid to avoid 
staining. Immerse or 
swab specimen for 5 to 
20 sec. Dilute reagent 
with 25 to 50 per cent of 
acetone for alloys con¬ 
taining less than 25 to 
30 per cent of nickel. 

NICKEL, MONEL 
and other nickel-copper 
alloys. 

2 

Cyanide- 

persulfate 

Sodium cyanide and am¬ 
monium persulfate. Sepa¬ 
rate. 10 per cent aqueous 
solutions. Mix equal vol¬ 
umes when ready to use. 

Caution—Use a hood; 
poisonous fumes are given 
off when solutions are 
mixed. Immerse or swab 
specimen for 5 to 90 sec. 
Stronger solutions (20 
per cent) may be used 
for more rapid etching. 

Grain boundaries of 
NICKEL, MONEL 
and nickel-copper al¬ 
loys. Does not stain. 
Suitable for detecting 
sulfur embrittlement. 

3 

Nitric acid 

Nitric acid (cone.) 

Immerse specimen for 1 
to 2 sec. in cold acid. 

Grain boundaries of 
wrought NICKEL and 
ELECTROLYTIC 
NICKEL. Iced acid is 
best for electrolytic 
nickel. Carbon-free 
nickel should be heated 
in boiling water before 
etching. 

4 

Electrolytic 
10% sulfuric 
acid (by vol.) 

Sulfuric acid (cone.) 10 cc. 
Water 90 cc. 

Etch with specimen as 
anode for 15 to 30 sec. 
using platinum cathode 
and 1.5 to 6 v. 

Grain boundaries of 
NICKEL and nickel- 
copper alloys. Apt to 
pit. 

5 

Electrolytic 
30% sulfuric 
acid (by vol.) 

Sulfuric acid (cone.) 30 cc. 
Water 70 cc. 

Etch with specimen as 
anode for 5 to 30 sec. 
using platinum cathode 
and 6 v. 

Grain boundaries of 
INCONEL and other 
nickel-chromium al¬ 
loys. Shows carbides. 

6 

Electrolytic 

contrast 

solution 

Nitric acid (cone.) 10 cc. 
Acetic acid (glacial) 5 cc. 
Water 85 cc. 

Etch with specimen as 
anode for 20 to 60 sec. 
using platinum cathode 
and 1.5 v. 

Grain contrast for 
NICKEL, MONEL 
and nickel-copper al¬ 
loys. 

7 

Monel 

contrast 

solution 

Chromic acid 3 gm. 

Nitric acid (cone.) 10 cc. 
Ammonium chloride 5 gm. 
Water 90 cc. 

Immerse or swab speci¬ 
men for 10 to 60 sec. 

Grain contrast for 
MONEL. 

8 

Ferric chloride 
solution 

Ferric chloride 10 gm. 

Hydrochloric acid 
(cone.) 5 cc. 

Water, to make 100 cc. 

Immerse or swab speci¬ 
men for 5 to 30 sec. 

Grain contrast for 
NICKEL, MONEL 
and nickel-copper al¬ 
loys. An auxiliary etch- 
ant for INCONEL 
and other nickel- 
chromium alloys. 

9 

Aqua regia- 
cupric 
chloride 
solution 

Hydrochloric acid 
(cone.) 30 cc. 

Nitric acid (cone.) 10 cc. 
Cupric chloride—quan¬ 
tity sufficient to saturate. 

Prepare fresh for use. 
Immerse specimen for 5 
to 30 sec. 

Grain contrast for 
INCONEL and nickel- 
chromium alloys. Light 
etch accentuates the 
grain boundaries. 

10 

Modified aqua 
regia 
solution 

Nitric acid (cone.) 5 cc. 
Hydrochloric acid 
(cone.) 25 cc. 

Water 30 cc. 

Immerse specimen for 
30 to 120 sec. 

Grain boundaries of 
INCONEL. 

11 

Nitric- 

hydrofluoric 

solution 

Nitric acid (cone.) 15 cc. 
Hydrofluoric acid 
(48 per cent) 15 drops 

Immerse specimen for 1 
to 5 min. (Platinum, or 
paraffin-lined porcelain 
dishes should be used.) 
For more rapid attack, 
heat sample in boiling 
water prior to etching. 

Carbides in IN¬ 
CONEL. Care must he 
taken after etching to 
avoid damage to lenses. 

12 

Oxalic acid 
solution 

Saturated solution of ox¬ 
alic acid in water. 

Etch with specimen as 
anode for 15 to 30 sec. 
using platinum cathode 
and 1.5 to 6 v. 

Grain boundaries 
for NICKEL and car 
bides in INCONEL. 
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slow etching, the structure of the parent metal can be revealed satis¬ 
factorily without greatly overetching the weld metal. 

Nickel-, Monel-, or Inconel-Clad Steels 

The cladding should be etched first; nickel or Monel with the flat 
solution, and Inconel with the nitric-hydrofluoric solution. Care must be 
taken in washing and drying after etching with the latter solution to 
avoid damage to lenses. After repolishing, if necessary, the steel can be 
etched with Nital (5 per cent nitric acid in 95 per cent alcohol). 

Nickel or Monel Welds on Steel 

Nickel or Monel weld deposit can be etched with the cold nitric 
acid solution. The steel, repolished if hecessary, can then be etched 
with Nital. 

Examination 

A magnification of 100 or 200 diameters is satisfactory for general 
work, such as the determination of uniformity of grain size, freedom 
from inclusions, and freedom from surface deterioration by corrosion 
or exposure to sulfurous gases at high temperatures. 

Microstructure 

Monel, nickel and Inconel have structures similar to those of pure 
metals. In the annealed conditions they show equiaxed or twinned 
polyhedral grains. Cold working causes directional elongation. 

Carbon in Inconel occurs as a chromium carbide, Cr 7 C 3 (trigonal). 3 

Embrittlement resulting from exposure to sulfurous gases at ele¬ 
vated temperatures may be recognized as an intergranular attack with 
a nickel sulfide phase in the grain boundaries. This phase, if gross, may 
appear yellow. The sulfide is disclosed by light etching with ammonium 
persulfate-potassium cyanide solution. If sufficient sample is available, 
a chemical analysis should be made to confirm the microscopic examina¬ 
tion. Sulfur prints are not helpful in identifying the harmful sulfides. 

The identification of inclusions requires careful examination at 
higher magnifications, 500 and 1000 diameters, and often the use of 
special etchants. 

Photomicrographs 

Typical microstructures of some regular mill products, at 100 mag¬ 
nification, are shown in the photomicrographs in Figs. L-5 to L-12, 
inclusive. 

3 Private communication. Eric R. Jette. Columbia Univ., New York, N. Y. 
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Fig. L-7 Fig - L ' 8 

Annealed Inconel Nickel-clad Steel 

Photomicrograph (100X) Photomicrograph (100X) 

Contrast Etch Flat Etch f or Nickel—Nital Etch for Steel 

{Solution No. 6, Table L- 1) {Solution No. 1, Table L -1 for nickel and nital for steel) 
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METALLOGRAPHIC EXAMINATION, X-RAY DIFFRACTION ANALYSIS 


THE DETERMINATION OF GRAIN SIZE 

Specimens, prepared as described on page 6, may be viewed at a 
known magnification, usually 100 diameters, and the number of grains 
counted in a known area on the ground glass and converted to grains per 


Photomicrograph (100X) 


Erichsen Ductility Test Cup 
(three-quarter size) 



FINE 

GRAIN 


MEDIUM 

GRAIN 


COARSE 

GRAIN 






Fig. L-13 —Photomicrographs (100X) and photographs ( three-quarter 
size) of Monel sheet. 
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sq. in. This method is the most reliable. It consumes more time than the 
so-called intercept method which requires the counting, at a definite 
magnification, of the number of grains which are intercepted or crossed 
by lines 1 in. in length. Repeated countings are necessary to insure a 
representative result. The intercept method is sensitive to orientation. 


17 
16 
15 
14 
13 
12 
11 
10 
9 
8 
7 
6 
5 
4 
3 
2 

1 
0 

0 0.0010 0.0020 0.0030 0.0040 0.0050 

Average Grain Size in Inches 

Fig. L-14 —Relationships between various grain-size standards. 
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A simple calculation reduces the count to average grain section diameter. 
For example, if a 1-in. line, at 100 diam., crosses 8 grain sections, the 

average grain section diameter is = 0.00125 in. Another useful and 

O 

rapid method is to match the microscopic image, at the known magnifica¬ 
tion, with the A.S.T.M. standard network charts for brass. 1 

Wrought Monel, nickel and Inconel are classified, as to grain size, 
as follows: 

fine grain—not over 0.0015 in. (0.038 mm.) av. diam. 
medium grain—over 0.0015 to 0.0025 in. (0.038 to 0.064 mm.) av. 
diam. 

coarse grain—over 0.0025 in. (0.064 mm.) av. diam. 

Typical photomicrographs are given in Fig. L-13. 

The curves in Fig. L-14 give the relationships among different grain- 
size standards. 

The control of grain size is of the greatest importance in producing 
sheet and strip for fabrication by drawing, stamping or spinning. An 
original coarse grain invariably results in a “pebbled” or “orange-peel” 
surface on the drawn, stamped or spun shape which requires expensive 
grinding and polishing for removal. Sheet and strip are supplied, there¬ 
fore, with a fine to medium grain size for such fabricating operations. 

DIFFRACTION X-RAY ANALYSIS 

The diffraction X-Ray method of analysis defines atomic arrange¬ 
ment within the crystal. It is a useful supplement to microscopic 
examination, and to hardness measurements, for developing the proper 
relationship between cold working and annealing and resultant standard¬ 
ization of production methods, and for other investigational purposes. 
Reflection and transmission methods are employed; usually the former 
is more rapid and convenient. Detailed discussions of apparatus, methods 
and applications are given elsewhere. 4 

Preparation of Samples 

Extreme care in preparing samples is essential, so as to avoid over¬ 
heating and distortion. Slow grinding or filing, without increase in 
temperature, followed by etching, is one method of preparation for trans- 

4 X-Ray Diffraction. Charles S. Barrett. A. S. M. Handbook. 188-96 (1939). 
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mission exposures. Reflection exposures require equal care but somewhat 
less time. Sample thicknesses of 0.002 to 0.005 in. are best for the trans¬ 
mission method. The thickness of sample is unimportant in the reflection 
technique. 

Terminology 

“ Random orientation” and “preferred orientation” are frequently 
used descriptive terms applied to X-Ray diffraction patterns. T hey cor¬ 
respond generally to annealed and cold-worked microstructures. A glos¬ 
sary of X-Ray terms is given elsewhere. 5 

X-Ray Diffraction Patterns and Photomicrographs 

Some typical X-Ray diffraction patterns of Monel, obtained by 
means of the pinhole method, with polychromatic radiation from a 
molybdenum target (K a — 0.71 A.U., and K/3 — 0.63 A.U.), are 
given as illustrations in Figs. L-15 and L-18, inclusive, together with 
corresponding photomicrographs at 100 diam. magnification. 

X-Ray methods of a different type are used for the detection of flaws 
in materials and for the identification of structural compounds. 6 

The data in Table L-2 illustrate the use of X-Ray diffraction 
analysis in the determination of the recrystallization temperature of 
cold-worked Monel strip. 


TABLE L-2 

Recrystallization of Cold-Worked Monel Strip 


Cold 

Reduction 

Annealing 

Temperature 

Hardness 

Scleroscope 

Microstructure 
at 100X 

X-ray- 

Diffraction 

per cent 

and Time 

Original 

Final 

Pattern 

10 

520° C. ( 968° F.)—3 hr. 

35 

31 

No visible change. 

No visible change. 

10 

620° C. (1148° F.)—3 hr. 

35 

25 

No visible change. 

Reorientation visible. 

10 

660° C. (1220° F.)—3 hr. 

35 

17 

Complete grain 
rearrangement. 

Fully random 
orientation. 

50 

520° C. ( 968° F.)—3 hr. 

45 

40 

No visible change. 

No visible change. 

50 

560° C. (1040° F.)—3 hr. 

45 

36 

No visible change. 

Reorientation visible. 

50 

600° C. (1112° F.)—3 hr. 

45 

18 

Complete grain 
rearrangement. 

Fully random 
orientation. 


8 Glossary of Terms used in X-Ray Metallography. L. W. McKeehan. A. S. M. Handbook. 
6 Radiography of Metals. Kent R. Van Horn. A. S. M. Handbook. 180-7 (1939). 
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Fig. L-1S Fig. L-16 

Annealed Monel Sheet Annealed Monel Sheet 

Photomicrograph (100X) of cross-section X-ray difraction pattern , penetration normal to 

showing fine grain. surface, of annealed Monel sheet in Fig. L-lS, 

Etched with Solution No. 1, Table l-l. showing typical random orientation. 
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WORKING INSTRUCTIONS 

HEATING FOR HOT WORKING 

Proper heating involves not only the control of temperature and the 
time of heating, but also the furnace atmosphere. The last is accom¬ 
plished by the correct use and combustion of appropriate fuel. 

Fuel 

The greater susceptibility of the high-nickel alloys to intergranular 
attack by sulfur at high temperatures necessitates different heating 
operations than those used for steels and copper-base alloys. Exposure 
at high temperatures to sulfurous atmospheres, or to other sources of 
sulfur, must be avoided always. 

Gas 

Gas is the most desirable fuel for heating Monel, nickel and Inconel. 
With it, good heating can be achieved readily. It should be used always, 
if available. It requires only a small combustion space and permits easy, 
automatic regulation of temperature and furnace atmosphere. The con¬ 
venience, simplicity and ease of control in modern furnaces that are 
equipped with mixers to proportion the gas-air mixture automatically 
over the full range of heat demand, give an important advantage to 
gas in terms of good heating and high yields of acceptable products. 

Natural gas, practically free from sulfur, and with a high Btu. value, 
is the most satisfactory of all fuels for heating Monel, nickel and In¬ 
conel. 

City gas, low in sulfur, is satisfactory also. It is used especially in 
small furnaces for heating small forgings, ornamental work, bar ends 
for hot heading rivets and bolts, and other light work. Its good qualities 
justify its higher cost per Btu., when natural gas is not available. In 
some localities the sulfur content of city gas varies from day to day. 
Tests, as described later under “Heating Temperatures,” should be 
made before operations to verify a sufficiently low sulfur content for 
satisfactory results. 

Butane and propane also are very desirable fuels. Butane may be 
considered as an oil fuel of high volatility, and proper means must be 
provided for gasifying it by preheating before it is mixed with air for 
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combustion. Propane, which is more volatile than butane, does not 
require preheating, and is obtainable also in cylinders of 94-lb. capacity, 
which are equipped with pressure regulators to control the flow of gas. 
Propane in cylinders is particularly useful for occasional heating for 
forging, hot forming and riveting. 

0ll Fuel oil is used most generally by forge shops for heating the high- 
nickel materials. It should be specified to have a sulfur content of not 
over 0.5 per cent. The heavier oils purchased under such a specification 
seldom exceed 0.2 per cent sulfur, and the lighter distillates are prac¬ 
tically sulfur-free. 

Any well designed burner that will mix the oil and air thoroughly, 
and that can be regulated closely, can be used. Burners that utilize low- 
pressure air, supplied through the burner, are more satisfactory than 
high-pressure air or steam-injector types. Low-pressure burners wor 
well with temperature control equipment. 


Coal and Coke t 

Coal and coke are unsatisfactory generally for heating nickel and 
high-nickel alloys because of the difficulty of obtaining proper heating 
conditions, inflexibility in heat control, and the presence, usually, of 
excessive amounts of sulfur. While it is not impossible to heat high- 
nickel materials with the solid fuels, such as “blacksmith” coal, or coke 
from coal that has been treated to reduce sulfur, it is very difficult to 
obtain satisfactory results, and the practice is not recommended. It is 
almost certain to be the most expensive method of heating when com¬ 
pared with oil, gas, and even electricity, on the basis of total heating 
costs, which includes rejections, additional metal required to provide 
for scaling losses, and higher finishing costs. 

Avoiding Sources of Sulfur 

There are a few possible sources of sulfur, other than the fuel, that 
must be avoided. 

Slag and cinder that accumulate on the hearth may contain sulfur. 
To prevent contact with these, the metal should be supported above 
the hearth on rails or other convenient shapes. 

All sulfate salts, sludge, or other deposits remaining from pickling 
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operations should be removed completely by washing before heating 
the metals. If sulfates are allowed to remain, their sulfur content will 
cause deterioration of the high-nickel materials at furnace temperatures. 

Marking paint frequently contains metallic sulfide pigments. It is 
advisable, therefore, to remove all traces of it before heating, to avoid 
possible embrittlement of the painted areas. 

All sulfurized oil, or similar sulfur-bearing lubricants, used for ma¬ 
chining or cold-fabricating operations must be removed completely be¬ 
fore heating. 

Heating Temperatures 

Monel, “K” Monel, nickel, “Z” Nickel and Inconel show important 
differences with respect to proper forging temperatures, particularly as 
to the upper safe heating limits and tendencies toward reduced hot 
ductility. Fig. M-l shows graphically the approximate temperature 
ranges within which hammer forging, die forging and hot bending should 
be carried out. 

While the high-nickel materials are being heated, the furnace should 
be maintained at a temperature about 50°F. higher than that at which 
the work is to be withdrawn. The practice employed in some steel 
forging shops of carrying the furnaces at excessively high tempera¬ 
tures in order to reduce the heating time and speed up production, is 
damaging to nickel and high-nickel alloys. Fig. M-2 shows good and 
poor results following the use of correct and incorrect heating tempera¬ 
tures, respectively. 

In some shops, satisfactory heating is accomplished without the aid 
of pyrometers or automatic temperature control, but it is a wise invest¬ 
ment to provide those facilities. A forgeman who does not have such 
aids, and who has had little or no experience with the high-nickel 
materials, should make preliminary heating trials, using scrap pieces, 
to assist him in judging the proper forging temperatures by color, before 
attempting to work the stock. A useful bend test is described later 
under the heading “Hot working—Forging.” 

Carbon-free nickel and “D”* Nickel should be heated similarly to 
nickel. 

Time of Heating 

Monel, nickel and Inconel should be heated for a time just suffi¬ 
ciently long to insure that the desired temperature is reached uniformly 


* Reg. U. S. Pat. Off. 
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Fig. M-l —Approximate temperature ranges for hot forging and bending 
nickel and various nickel alloys. 
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Fig. M-2 —Results following use of correct and incorrect heating tempera¬ 
tures. The Monel bar at left was heated to a temperature above the safe limit 
for forging; that at right was heated to about 2150 °F., which is within the 

safe range. 


throughout each piece. It is bad practice to expose these materials to the 
hot combustion gases for long periods after the pieces have reached a 
uniform forging temperature. When a delay in forging is met, as in a 
major breakdown, the heated pieces should be withdrawn from the 
furnace and reheated later when operations are resumed; “K” Monel 
and “Z” Nickel must be quenched in water to avoid age hardening during 
the cooling. 

It is not possible to give an inflexible set of rules to govern the time 
of heating because furnaces and furnace operation vary widely. Rough 
approximations of the total elapsed time desirable between charging 
and withdrawing the materials are given in Fig. M-3. 

When a number of pieces are to be forged, they should be charged 
at intervals as nearly equal to the time required for forging each piece 
as is practical. This procedure avoids holding material in the furnace 
after it is ready for forging. 
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Total Time .in Furnace in Minutes 


Fig. M-3 —Approximate time required for heating Monel , nickel and Inconel 
bars of different sectional dimensions for hot working. 


In heating for small drop forgings weighing 5 lb. or less, or for 
upsetting bar ends for rivets and bolts, a small number of pieces 
should be charged at first, and whenever one is withdrawn to be forged 
it should be replaced in the furnace by a cold piece. The number of 
pieces to be charged at the start will be determined by the time required 
to bring a freshly charged piece to the forging temperature, and by the 
number of pieces to be forged in a unit of time. For example, in hot 
heading %-in. diam. nickel rivets at a rate of 3 per min., or 20 sec. 
per rivet, the bar end may require 10 min. in the furnace to reach the 
proper forging temperature; hence the rate of forging will be 30 times 
the rate of heating. If 30 pieces are charged, the heading machine can 
be started after 10 min. and worked steadily thereafter, and the last 
piece will have been in the furnace 10 min. before it is withdrawn for 
forging. 

Larger work, which may require as long as 20 to 30 min., or some¬ 
times longer, to reach the desired temperature, and approximately a 
minute to forge, should be charged in the manner outlined. 
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Furnace Atmospheres and Their Control 

The furnace atmosphere in the immediate vicinity of the work, or, 
in other words, the gases of combustion sweeping over the metallic 
surface, require careful control. The atmosphere should be sulfur-free 
and always slightly reducing, with 2 per cent or more of carbon 
monoxide. It should not be permitted to alternate from reducing to 
oxidizing. There is no upper limit to the permissible amount of 
carbon monoxide or free carbon that may be present, because the 
high-nickel materials, unlike steels, are not subject to carburization; a 
slight excess of fuel over air is all that is required. The closer the 
atmosphere is to the neutral condition, the easier it is to maintain the 
required uniform temperature. The true condition of the furnace 
atmosphere can be determined by analyzing samples of gas taken at 
various points about the metallic surface. 

The stack dampers should be closed wholly or partially in order to 
force the gases out under the furnace door, where the excess of unburned 
fuel will burn freely. The slight pressure thus set up within the furnace 
prevents the entrance of air under the door or through the charging slot. 

It is important that combustion reactions be completed before the 
resulting gases come in contact with the work; otherwise it may suffer 
damage through embrittlement. This is assured by providing sufficiently 
ample space in the furnace before the hot gases reach the work. 

Most forge shops are equipped with slot-type furnaces having oil 
burners set in the back or end walls. Both the combustion and heating 
are done in the space above the hearth, which in many installations is 
not sufficiently large to insure the proper combustion of fuel oil. In such 
furnaces, a large portion of the oil is gasified by impingement on the 
hot work. This is deleterious to all high-nickel alloys. If such furnaces 
must be used, it is necessary to protect the work in an appropriate 
manner, as by shielding it with steel plates placed so as to prevent the 
unburned fuel from coming in contact with it. 

When the number of pieces to be forged is large, consideration 
should be given to changing a burner arrangement that may be satis¬ 
factory for steel, to prevent impingement of unburned fuel gases against 
the work. This may be accomplished by setting the burners back and 
firing through a tunnel, or by tilting the burners so that the flame is 
directed against the roof and opposite wall. Other methods may be 
necessary, depending on local conditions. 
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HOT WORKING—FORGING 

Following correct heating practice as described previously, Monel, 
nickel and Inconel can be forged readily, in dies or by hand methods, 
into products of the highest quality, and into almost any shape that can 
be forged in steel. Losses are satisfactorily low and comparable to 
those for steel forgings. Die forgings, such as turbine blading, conveyor 
chain links, chain hooks, and many other shapes, are made regularly. 
Hammer forgings are produced in a great variety of forms including 
large-diameter bars for shafting and hollow-bored tubing, seamless 
forged rings, pickling hooks, and other common shapes. Pipe fittings, 
valves, and the like, can be produced as hydraulic or mechanical press 
forgings. 

Corrosion-resisting forgings having unusually high mechanical 
properties can be made from “K” Monel, and hardened by thermal 
treatment. This alloy is forged in the same manner as Monel. 

Checking Heating Conditions and Forging Temperatures 

Before charging the work into the furnace, it is advisable to check 
the correctness of the heating conditions. A test can be made readily 
by heating a bar of convenient size, say a j4-in. diam. rod, or a }4-in. x 
1-in. flat bar, to the required temperature, holding it in the furnace for 
10 to 15 min. at temperature, then either water quenching or air cooling, 
and finally bending it, after cooling, through 180° flat on itself. There 
will be no surface cracking if the conditions of heating have been 
correct. The extent of damage that may have occurred can be judged by 
the depth of the cracks. 

If the forgeman has had no previous experience with the high-nickel 
materials, and facilities are not provided for temperature control, it is 
advisable for him to practice first by drawing out bars under the hammer, 
taking care to preserve square edges, and then to make bend tests as 
described in Section J, to familiarize himself with the temperature 
range in which the metals may be forged safely. Bend tests are made 
preferably on bars approximately in. x 1-in. x 6- to 8-in. long. A 
good practice is to charge several of these test bars into the furnace at 
the same time, and then withdraw single bars at various temperatures 
as they are being heated.* Each bar should be bent immediately through 
a 180° bend. This may be started in a “vee” block and finished by 
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flattening down under the hammer, or the bending may be done by 
hand. It must be done as rapidly as possible to avoid an excessive drop 
in temperature during the time taken. When the forging temperature 
is correct, there will be no cracking at the sharp corners. 

Forging and Bending 

There will be no difficulty in forging or bending any of the high- 
nickel materials after heating, so long as the working temperature 
ranges shown in Fig. M-l have been observed. The forgeman will find 
that Monel and Inconel are considerably stronger and stiffer than steel at 
forging temperatures. For this reason, a machine that must be worked 
at full load to produce a given steel forging may be incapable of 
producing the same forging in the high-nickel compositions. It may be 
necessary, therefore, to use heavier hammers and larger machines than 
would be used normally in forging steel. This applies particularly to 
single-blow operations such as heading rivets and bolts, and to hot 
pressing. 


Dies and Lubrication 

Die blocks for drop forgings or pressings may be made from either 
carbon or alloy steels. The choice between carbon steel and one of the 
several excellent alloy die steels available will depend largely on the 
shape and size of the piece, the number to be produced, and the material 
to be forged. Dies of 0.80 per cent carbon steel, hardened and tempered 
to 60 Scleroscope, give good life in the production of small forgings in 
nickel and Monel. It is useless to heat treat carbon steel dies above 60 
Scleroscope because the heat of the hot metal being forged will always 
reduce the hardness to this level and may cause the die to crack. Monel 
turbine blading, of the type shown in Fig. M-4, is forged in sizes up to 
15-in. long in 0.80 per cent carbon steel dies heat treated to 60 
scleroscope, with a yield of 3,000 to 5,000 pieces per die. 

Alloy steel dies, heat treated to approximately 43 Rockwell C, meet 
the needs of modern production better than carbon steel blocks. Their 
use is almost a necessity for the larger or more intricate shapes of Monel 
or nickel, and for all forgings of Inconel except small, simple shapes. 
Nickel-chromium-molybdenum steel containing approximately 0.55 
per cent molybdenum, and carbon-chromium-molybdenum steel contain¬ 
ing 0.35-1.0 per cent carbon, 5 per cent chromium and 1.5 per cent 
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Fig. M-4 —Steps in the production of die-forged Monel turbine blades. 


molybdenum are used widely for forging high-nickel alloys. The mo¬ 
lybdenum may be increased to 0.75 per cent if full-hardening character¬ 
istics are desired. 

Trimming may be done either hot or cold. Trimmer dies should be 
made of high-speed steel, with the cutting edge ground to a considerable 
rake. They should be set up closely enough to cut tissue paper. 

There is a slightly greater tendency toward sticking in the die with 
the high-nickel materials than with steel, especially with difficult shapes. 
Swabbing with a mixture of heavy, sulfur-free grease and graphite insures 
proper clearing of the work from the die. Sawdust thrown into the die 
is also useful in preventing sticking. 
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ANNEALING 

% 

Annealing is a process of heating at a predetermined temperature 
for a definite time, followed by cooling, to produce a change in mechani¬ 
cal properties. This change is a complete or partial softening usually, 
as a result of recrystallization. Sometimes there is slight hardening as 
a result of equalization of stress in the material. For some materials, 
such as steel, cooling must be slow; for others, such as nickel, high- 
nickel alloys and copper, it may be either rapid or slow; and in a few 
special cases, such as the precipitation-hardening alloys, “K” Monel and 
“Z” Nickel, it must be rapid. 

Open annealing and closed (box or pot) annealing are the most 
widely used methods for softening metals and alloys which have been 
hardened by cold working. The two methods are described in sufficient 
detail to serve as practical guides. More complete descriptions are 
given elsewhere 1 . Brief outlines are given of other annealing methods 
that are used occasionally for special purposes, e.g., salt bath annealing, 
resistance annealing, torch annealing and temper annealing. Stress¬ 
equalizing annealing is described also. 

The important factors to be observed in soft annealing nickel and 
its related alloys are: 

(1) Protection against embrittlement and excessive oxidation by pro¬ 
viding low-sulfur, non-scaling heating atmospheres in properly designed 
furnaces in which combustion reactions are completed before the hot 
gases strike the metal. 

(2) Control of the temperature and the time at temperature to avoid 
excessive grain growth. 

In the annealing of parts that have been stamped or spun from 
relatively thin sheet or strip, and that require additional forming 
operations, particularly if polished finishes are to be applied subse¬ 
quently, it is highly important to avoid excessive grain-growth and 
injury to the surface during the heating. 

Excessive grain growth may be avoided by observing the conditions 
illustrated in Figs. M-5 to M-13 inclusive. Coarse- or large-grained 
material is unsuitable for most cold-working operations. Maximum 
workability is obtained with material annealed to remove completely 

1 Annealing Nickel, Monel and Inconel. Technical Bulletin T-20. June 1941. The International 
Nickel Company, Inc., New York, N. Y. 
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the effect of the previous cold working without allowing appreciable 
grain growth to occur. This condition is referred to as soft temper, 
fine to medium grain.” This condition gives the best combination of 
ductility, to permit extensive deformation; strength, to withstand the 
action of the tools; and surface quality, to facilitate polishing and 
finishing operations. 

Injury to the surface is avoided by: 

(1) using low-sulfur fuel, 

(2) having heating atmospheres free from active oxygen, 

(3) cleaning thoroughly to remove drawing compounds, paint marks 
and adherent substances that might contain sulfur, lead or other harmful 
ingredients, and 

(4) supporting the work on rails or plates to avoid contact with scale, 
slag and cinder that may be on the hearth. 

Open Annealing 

The metal or alloy to be softened is heated at the chosen tempera¬ 
ture and protected from oxidation by the gases of combustion in a 
fuel-fired furnace or by special atmospheres introduced into an electric 
furnace. The furnace should be at the selected, uniform temperature 
before the work is charged into it. During preliminary heating of a 
fuel-fired furnace, the burners may be adjusted to give optimum com¬ 
bustion, but before charging the work the air supply should be reduced 
to give the excess of reducing gases required for clean heating. Also, the 
top vents or dampers should be closed wholly or partially to give a 
positive gas pressure over the hearth and thus prevent the influx of air. 


Nickel and Nickel Alloys 

Figs. M-S to M-ll inclusive, show the average times for which 
nickel and the high-nickel alloys must be held at the indicated tem¬ 
peratures to produce the required degree of softness and grain size. 

For example, a single piece of hard Monel sheet must be annealed 
to a Rockwell B hardness of approximately 68 so as to be suitable for 
further spinning operations. The furnace temperature available is 
1600°F. The 1600°F. curve in Fig. M-7 shows that the required soft- 


.14. 
















WORKING INST ftPCTiO N § 




' Time at Temperature - Min. 

Fig. M-5 —Approximate time required at various temperatures to produce 
different degrees of softness in nickel by open annealing. 




0 5 10 15 20 25 30 

Open Annealing Time to Produce Soft Temper - Minutes 
Fig. M-6 —Approximate time required at various temperatures to produce 
different grain sizes in nickel by open annealing. 
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10 20 30 

Time at Temperature - Min. 


Fig. M-7 —Approximate time required at various temperatures to produce 
different degrees of softness in Monel by open annealing. 



Open Annealing Time to Produce Soft Temper - Minutes 


Fig. M-8 —Approximate time required at various temperatures to produce 
different grain sizes in Monel by open annealing. 
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Time at Temperature - Min. 

Fig. M-9 —Approximate time required at various temperatures to produce 
different degrees of softness in “K” Monel by open annealing. 


ness can be obtained in 4 min. at temperature 2 . Fig. M-8 shows further 
that the time at temperature must not be allowed to exceed 9 min. if a 
z fine grain is necessary, nor 17 min. if a medium grain is acceptable. 

As a second example, a single piece of hard Inconel strip is to be 
annealed to a Rockwell B hardness of approximately 84 for further 
cold working. The furnace temperature is 1800°F. The 1800°F. curve 
in Fig. M-10 shows that the required softness can be obtained in 4 min. 
Fig. M-ll shows further that the time must not exceed 15 min. if a 
fine grain is desired. 

Similar procedures should be followed for nickel and the other nickel 
alloys. 

Some classes of work, particularly those for press operations that 
involve severe cold working, call for softer annealing than others. The 
temperature ranges given in Table M-l are sufficiently broad to provide 
a satisfactory latitude in handling the work in and out of the furnace. 
The shorter periods do not yield full softness but will condition the 

2 The curves in Figs. M*5 to M-ll inclusive, apply to single pieces of material in the 
furnace. If pieces are stacked or are shadowed by other pieces, this must be considered in 
determining both the time the work should remain in the furnace and the annealing tem¬ 
perature, in order to avoid a coarse-grained structure; also, care must be taken to avoid over 
annealing of some areas and under-annealing of other areas of stacked parts. 
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Fig. M-10 —Approximate time required at various temperatures to produce 
different degrees of softness in Inconel by open annealing. 
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Open Annealing Time to Produce Soft Temper - Minutes 

Fig. M-ll —Approximate time required at various temperatures to produce 
different grain sizes in Inconel by open annealing. 
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metal for operations such as cupping, drawing, stamping and the like. 
The more severe is the nature of the subsequent cold-working opera¬ 
tion the softer must be the material after annealing. This requires 
longer periods at temperature and not higher temperatures, to avoid a 
coarse-grain structure. 


TABLE M-l 

Annealing Temperature for Drawn Shapes and Spinnings of 
Monel, Nickel and Inconel 


Material 

Temperature 

Time at Temperature 
min. 


1500 

3 to 6 

Nickel. 

1700 

1 to 4 

“Z” Nickel. 

1950 

Bring to temperature 
and quench. 


1600 

5 to 10 

Monel. 

1800 

1 to 4 


1600 

2 to 5 and quench. 

“K” Monel. 

1800 

to 2 and quench. 


1800 

7 to 15 

Inconel.. 

1950 

2 to 5 


“Z” Nickel may be softened for cold working similarly to nickel. 
If age-hardening is to be done subsequent to cold working, the pro¬ 
cedure given on page 46 must be followed. 


Nickel-Clad, Monel-Clad and Inconel-Clad Steels 

Nickel-, Monel- and Inconel-clad steels are open annealed usually. 
The preferred type of furnace is one in which the work is heated outside 
the actual zone of combustion. Just as for the solid high-nickel materials, 
a low-sulfur reducing atmosphere should be maintained in the furnace by 
adjusting the fuel-air mixture to give an excess of carbon monoxide. The 
stack dampers should be adjusted to maintain a positive pressure 
within the furnace and thereby prevent influx of air under the door 
or through other openings. Whenever possible, the clad materials 
should be heated with the clad side up. They should be supported on 
clean steel rails or clean fire brick to avoid contamination by slag and 
cinder on the furnace bottom. The recommended temperatures are those 
given in Table M-2. The required time will vary with the thickness of 


• 19. 































WORKING INSTRUCTIONS 


the material; it should be withdrawn as soon as it has reached an¬ 
nealing temperature. 

TABLE M-2 


Annealing Temperature for Nickel-, 'Monel- and Inconel-Clad Steel 


Material 

Temperature, ° F. 

Nickel-clad steel. 

1500-1600 

1600-1700 

1700-1800 

Monel-clad steel. 

Inconel-clad steel.. 



Closed (Box or Pot) Annealing 

This method is used less often than the open-annealing method. 
The type of furnace and the fuel used are not as important as in 
open annealing because the work is protected from contact with the 
furnace atmosphere. However, it is of the utmost importance that the 
furnace be constructed so as to provide uniformity of heating. 

Box or pot annealing requires more time than open annealing be¬ 
cause of the lower temperature used. Therefore temperature control is 
less critical. Box annealing necessitates heating the container to a 
temperature slightly higher than that required for the work. In most 
cases the weight of the container exceeds that of the work, which in¬ 
creases the amount of fuel required and the heating time, and there¬ 
fore the cost. Such articles as small pressed parts, rivets, coiled wire 
and similar work, however, are annealed preferably in boxes because 
of greater ease in handling. 

The method is not suitable for softening “K” Monel and “Z” Nickel; 
these alloys must be cooled rapidly to prevent age-hardening. 

Fig. M-12 shows the average time for which Monel must be held 
at the indicated temperature to. produce the designated softness and 
grain size. Fig. M-13 shows the maximum grain size which can be 
produced in Monel, nickel and Inconel by long-time annealing at 
different temperatures. 

For example, Inconel can be soft annealed to have a fine grain size 
at temperatures up to 1600°F. Nickel will be soft, although coarse¬ 
grained if annealed higher than 1450°F. Monel may be soft annealed 
at temperatures below 1600°F. without producing a coarse grain. 

Bright annealing of nickel and nickel alloys in boxes or pots is 
accomplished, except for Inconel, by introducing an appropriate sulfur- 
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2 4 6 8 10 12 

Time of Anneal - Hrs. 


Fig. M-12 —Approximate time required at 1200° to 1600°F. to produce 
different grain sizes and degrees of softness in Monel by closed annealing. 

free, dry reducing gas into the container during the cooling part of the 
cycle. Inconel cannot be bright annealed in boxes or pots even if a pure 
hydrogen atmosphere is provided because chromium oxide cannot be 
reduced completely to metallic chromium by hydrogen. 

Annealing boxes may be made of steel, cast iron, or preferably of a 
heat-resisting alloy. A wide variety of shapes and sizes may be used. 

After the work is charged, the box should be luted with fire clay 
or sealed with sand or other suitable refractory material. A small 
quantity of charcoal should be packed in the box at points where air 
could enter. It is very important that the charcoal be preheated at 
1200°-1500°F. for at least 3 hr. to remove occluded oxidizing gases. 
The box should be provided with a hole to admit a small pipe for in¬ 
troducing the dry, reducing gas during cooling. Natural gas, hydrogen, 
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2000 

1900 
u: isoo 


1700 

1600 

1500 


1400 

1300 

1200 

Time at Temperature - As shown in Table M-3 

Fig. M-13 —The relation of grain size to temperature in long-time closed 

annealing. 

cracked ammonia, city gas or mixed reducing gases that are free from 
sulfur may be used. The reducing gas is admitted to the box immedi¬ 
ately on withdrawing it from the furnace, or on shutting off the burners. 
The flow should be regulated so as to maintain a positive pressure 
within the box so that the gas, if it is combustible, will burn gently at 
all outlets. 

The time required in the furnace will depend on the weight of the 
box, the amount of material in the box and also on the heating capacity 
of the furnace. The wide variations that occur in these factors make 
it difficult to approximate the total time of heating. The data in Table 
M-3 give the required time at temperature, to which must be added the 
time for heating up. 
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TABLE M-3 


Temperature and Time for Closed Annealing of 
Nickel and Nickel Alloys 


Material 

Temperature 

Time at Temperature 
hr. 


1300 

3 

Nickel and “Z” Nickel*. 

1400 

1 

l A 


1500 

Monel and “K” Monel*. 

1400 

3 

Inconel. 

1500 

1600 

1 

3 




* Quench or air cool when possible. 


Salt-Bath Annealing 

This method is used for special work with small parts. Inorganic 
salts, such as chlorides and carbonates of sodium and potassium, which 
are relatively stable at temperatures considerably above their respective 
melting points, are melted or fused in large metallic containers by any 
convenient source of heat. Sulfates must never be used nor be present, 
even traces. .Steel pots are satisfactory containers for temperatures up 
to about 1300°F. At higher temperatures, heat-resisting nickel-chrom¬ 
ium-iron alloy pots should be used. Excessive fuming of the bath is an 
indication of its maximum usable temperature. The work absorbs heat 
rapidly from the molten salts. After annealing, the work is quenched in 
water to free it from particles of the salt mixture. The method is not 
suitable for bright annealing. 

When nickel and high-nickel alloys are to be annealed in fused 
salts, particular care must be exercised to prevent embrittlement by 
removing all traces of sulfur from the salts before entering the work. 
This can be accomplished in from 2 to 3 hr. by adding a small amount 
of a 3 to 1 mixture (by volume) of powdered borax and powdered 
charcoal to the fused salts. If small test pieces of nickel or Monel strip 
or wire are not embrittled after 3 or 4 hr. in the purified salt bath, the 
desulfurizing treatment has been sufficient. 

Table M-4 gives some useful salt bath mixtures. Other mixtures 
are given elsewhere 3 . 


8 A. S. M. Handbook, 517-521 ( 1939 ). 
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TABLE M-4 

Melting Points of Salt Mixtures 


Mixture 

Melting Point 
° F. 

Working Range • 
° F. 

Component 

Per Cent 
by Weight 

Potassium chloride. 

56 



Sodium chloride. 

44 

1220 

1300-1500 

Sodium chloride. 

72.6 



Sodium fluoride. 

27.4 

1247 

1350—1500 

Barium fluoride. 

70 



Calcium fluoride. 

15 

1454 

1550-1700 

Magnesium fluoride. 

15 



Barium chloride. 

83 



Barium fluoride. 

17 

1551 

1650-1850 


Electric-Resistance Annealing 

This also is a special method. An electric current is passed through 
the material to be annealed which acts as a resistor and is heated 
rapidly. 

The method has seldom been satisfactory in commercial work. Tem¬ 
perature control is difficult unless the material is uniform in size and it is 
impossible to provide a suitable reducing atmosphere for bright anneal¬ 
ing. The results are generally irregular. 

Dead-Soft Annealing 

When the high-nickel materials are annealed at higher temperatures 
and for longer periods than those prescribed for soft annealing, a 
condition commonly described as “dead-soft” is obtained. In this case, 
hardness numbers will result that are 10 to 20 per cent lower than those 
for the soft condition. This cannot be accomplished without increasing 
the grain size of the material. Therefore, it should be used only for those 
few purposes for which grain size is of little importance. 

Articles to be cold worked subsequently in such operations as 
drawing and spinning never should be annealed dead soft, since this 
will produce a coarse grain. Heavy plate sections and thick-walled 
tubing that are required to negotiate only certain bending operations 
may be annealed dead soft to facilitate working because the coarse 
grain thereby produced would not affect the material adversely. 
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Torch Annealing 

Some large equipment is hardened locally by the fabricating opera¬ 
tions. If the available annealing furnace is too small to hold the work, 
the hardened sections can be annealed with the flames of low-sulfur oil 
or acetylene torches which have been adjusted so as to be highly reduc¬ 
ing. This method is not a good one for general use because it gives 
irregular and insufficient annealing with heavily oxidized surfaces. If it 
is the only method available, the best procedure is that which follows. 

Heating must be gradual. It may be facilitated by temporary brick 
construction to localize the heating and to permit higher temperature 
to be attained. The work should be warmed gently at first, with a 
sweeping motion of the torch, and not brought to the annealing tem¬ 
perature until sufficient preheating has been done to prevent cracking 
due to sudden release of stresses. 

Temper Annealing 

The process of heating a hardened metal or alloy at a tempera¬ 
ture and for a period that are sufficient to accomplish only partial 
softening is known as temper annealing, semi annealing, or partial 
annealing. It has value for operations where fully annealed material 
is not required. 

Any of the aforementioned methods of annealing may be used, 
although the continuous method is best suited for the purpose. Care¬ 
ful regulation of the time at temperature is essential. 

Auxiliary Factors in Annealing 

Pyrometry and Temperature Control 

Accurate control of annealing temperature is fundamental; its im¬ 
portance cannot be overemphasized. Satisfactory indicating, controller, 
recording and controller-recording pyrometers are available, are easy 
to operate and must be used to insure good results. Recommended 
noble and base-metal thermocouples and the necessary protection 
tubes for use therewith, are summarized in Table M-5. Iron-Constantan 
and Chromel-Alumel thermocouples should be changed at least every 
three months. Noble metal couples may be used as long as their accu¬ 
racy is not impaired. All thermocouples should be checked daily for 
accuracy . Details may be found elsewhere 4 . 

*A. S. M. Handbook, 285-310 (1939). 
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In both open- and closed-annealing methods the thermocouple 
should be as near to the work as possible. Operating details are de¬ 
scribed in another publication 1 . 


TABLE M-5 

Thermocouples and Protection Tubes for Use In Heating and 
Annealing Nickel and High-Nickel Alloys 



Maximum Temperature, °F. 

Protection Tube 

Thermocouple 

For 

Prolonged 

Operation 

For 

Occasional 
Short-Time Use 

Reducing 
Atmosphere 
CO or H 2 

Oxidizing 

Atmosphere 

o*§ 

Platinum vs. 

Platinum (90%)— 
Rhodium (10%) .... 

2500 

3000 

Porcelain 
Mullite f 

None 

Chromel vs. Alumel... 

2000 

2400* 

Mullite 

None 

Iron vs. Constantan... 

1600 

2000 * 

Nickel 

None 


* Oxidation will be rapid unless a protection tube is used. 

tThe use of a porcelain primary tube inside a Mullite tube is recommended for temperatures 
above 1600° F. in a reducing atmosphere. Nickel seamless tubing, with one end closed by 
welding, is used generally to protect the refractory tubes from mechanical shock. The thermal 
conductivity of nickel is sufficiently high to prevent undesirable “lag”. 

§ Although bare wire may be used, good practice suggests the use of a protection tube to de¬ 
crease oxidation, especially with iron-Constantan couples, and to a lesser extent with Chromel- 
Alumel couples. 


Furnace Design and Equipment 

If new equipment is to be provided, it can be designed to produce 
the desired results. Usually, existing equipment must be used with or 
without modification, more often the latter. In such cases, the control 
of temperature and atmosphere must be effected as described pre¬ 
viously. 

Atmospheres 

The required control of the furnace atmosphere will depend upon 
the results desired. Bright annealing can be done only in the absence 
of all oxidizing influences. On the other hand, many parts may be an¬ 
nealed by a process which will develop a superficial tarnish or oxide 
coating. Highly stressed parts, such as springs and diaphragms, should 
always be kept free from heavy oxides, although tarnishing and super¬ 
ficial oxidation are no hindrance to their satisfactory performance. 
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Regardless of the use to which the finished articles are to be put, 
the high-nickel materials should never be annealed in a strongly oxi¬ 
dizing atmosphere. The heavy oxide coating so produced may be harm¬ 
ful to the underlying material even though it is removed by grinding 
or pickling. 

Suitable atmospheres for bright annealing include hydrogen, cracked 
ammonia, nitrogen, cracked and sulfur-free natural or city gas, cracked 
hydrocarbons, or a generated atmosphere containing principally a mix¬ 
ture of carbon monoxide and hydrogen. The ratio of carbon monoxide 
to hydrogen is not important in the case of nickel and the non-ferrous 
nickel alloys. 

The use of propane or butane should be avoided unless the forma¬ 
tion of soot can be prevented or unless the soot is removed prior to the 
admission of the gases to the furnace or box. 

Fig. M-14 shows an approved method for the treatment of gases 
to render them suitable for annealing atmospheres. 

For perfectly bright annealing, pure, dry hydrogen is the most de¬ 
sirable atmosphere. Cracked and dried ammonia is quite suitable also. 
Gases containing oxygen or other oxidizing substances, or sulfur com¬ 
pounds, should not be used unless the impurities can be removed by 
treating the gas prior to its entering the furnace 5 . 

Oxygen can be removed from hydrogen by passing the gas through 
a small container of copper chips, heated externally to 1250°F. The 
copper will act as a catalyst to effect the combination of oxygen with 
an equivalent amount of hydrogen to form water vapor that can then 
be removed, along with any water vapor originally contained in the gas. 

If ammonia is being used, either the cracking or the oxygen re¬ 
moval may be carried out first. Cracking is accomplished by heating to 
1700° to 1750°F. This is done most conveniently by passing the gas 
through an externally heated pipe. Commercial equipment for gas 
cracking is available. 

After cracking, the gas mixture can be dried by passing it through 
activated alumina, silica gel, calcium chloride or other drying agents. 
The use of calcium carbide is undesirable when large amounts of mois¬ 
ture are to be removed since the resulting formation and cracking of 
acetylene may produce soot which may be deposited on the charge. 

•Nickel As A Catalyst. O. B. J. Fraser. Trans. Am. Electrochem. Soc. 71, 16 (1937). 
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The dryer should be located close to the furnace so as to minimize 
the formation of water vapor by contact of hydrogen with pipe line 
rust. Care should be taken also that rusted iron or steel containers be 
not used. Generally, it will be found that containers made of good 
heat-resisting alloys will not only eliminate this source of trouble, but 
will prove economical over a period of time. The sequence of these 
operations is indicated in Fig. M-14. 

A preferred method is to use a refrigerated grade of anhydrous am¬ 
monia which requires no drying. 

Atmospheres for Bright Annealing 

The summary given in Table M-6 gives the chemical composition of 
sulfur-free reducing atmospheres which are adequate for bright annealing 
nickel and high-nickel alloys. The values are typical analyses for com¬ 
mercial production equipment and indicate the conditions to be sought 
in practice. Furnace design must be considered always since it is impor¬ 
tant in determining limiting permissible compositions. 

Two distinct classes of atmospheres can be used for bright annealing 
nickel and Monel, viz.: 

(a) Atmospheres containing appreciable quantities of oxidizing consti¬ 
tuents, such as water vapor, carbon dioxide and free oxygen, but whose 
general character is reducing because of the presence of sufficient reduc¬ 
ing constituents to offset the action of the oxidizing constituents; these 
are represented by Nos. 1,2,3 and 4. 

(b) Atmospheres containing only negligible quantities of oxidizing con¬ 
stituents; these are represented by Nos. 5, 6 and 7. 

Metal heated in Nos. 1, 2, 3 and 4 should not become tinted or dis¬ 
colored otherwise but will have normally a “grayed” or “matte-surface” 
appearance. Metal heated in Nos. 5, 6 and 7 should remain entirely 
unchanged in appearance during treatment. 

Purging 

Having a source of clean, dry, oxygen-free hydrogen or cracked 
ammonia, and having eliminated possible formation of water 
vapor within the equipment, it is necessary to insure thorough 
purging of air and other undesirable gases from the furnace cham¬ 
ber or heating box. Purging should be done always before heat 
is applied. This is especially true when using pure hydrogen or 
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TABLE M-6 

Atmospheres ior Bright Annealing Nickel and 
High-Nickel Alloys 


Atmosphere 

(All Analyses are on a Dry Percentage Basis) 

Material 

Nickel, 
Monel and 
“Z” Nickel 

“K” Monel 

Inconel 

1. Produced by incomplete combustion 
of natural gas. 

or 

2. Generated separately by “gas crack¬ 
ing” and introduced into annealing 
furnace. 

carbon monoxide. 

hydrogen... 

carbon dioxide. 

water vapor. 

nitrogen. 

4.0 

4.3 

9.2 

16.0 

82.5 

* 

♦ 

3. Produced by incomplete combustion 
city gas (water gas, not coke-oven gas). 

carbon monoxide. 

hydrogen. 

carbon dioxide. 

water vapor. 

nitrogen. 

4.0 

4.0 

9.0 

16.0 

83.0 

♦ 

* 

4. Produced by incomplete combustion 
of low-sulfur fuel oils. 

** 

* 

* 

5. Hydrogen-nitrogen atmosphere from 
cracked ammonia. 

hydrogen. 

nitrogen. 

oxygen. 

water vapor. 

75.0 

25.0 

None 

D.P. —30°C. 

75.0 

25.0 

None 

D.P. —50°C. 

75.0 

25.0 

None 

D.P. —50°C. 

6. Hydrogen-nitrogen atmosphere from 
electrolysis of water and combustion 
of hydrogen with air. 

hydrogen. 

nitrogen. 

oxygen. 

water vapor. 

10.0 

90.0 

None 

D.P. —30°C. 

* 

50.0 

50.0 

None 

D.P. — 50°C. 

7. Hydrogen, (tank or electrolytic). 

hydrogen. 

nitrogen. 

oxygen. 

water vapor. 

100.0 

None 

None 

D.P. —30°C. 

100.0 

None 

None 

D.P. —50°C. 

100.0 

None 

None 

D.P. —50°C. 


*Bright annealing is not possible. 

**No positive recommendation can be made. A carbon monoxide content equivalent to that 
recommended for gaseous fuels should be satisfactory. Because of the tendency of hot liquid 
hydrocarbons to break-down (“soot”) when there is a deficiency of air, a compromise atmos¬ 
phere (containing lower amounts of reducing constituents) might have to be used to prevent 
undesirable amounts of carbon deposit. This would depend on furnace design, burner design, 
oil quality, furnace location, etc., and the practice for any given instance would be dictated by 
ordinary judgment. 

D.P.=Dew point. 
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cracked ammonia, because certain mixtures of hydrogen and air 
are explosive at annealing temperatures. 

Feel Top to Determine 
when Flame has 



Fig. M-15 —Flame method for purging a heat-treating box. 


Boxes may be purged by the following steps which are illustrated 
in Fig. M-15. 

(1) Place the charge in the box, allowing ample space for the circu¬ 
lation of gas between the parts. See that the thermocouple is located 
properly. 

(2) Before placing the cover on the box, admit hydrogen to the box 
through the inlet tube and light the flowing gas. Adjust the flame to a 
length of about 1in. With the inlet tube extending nearly to the top 
of the box, the flame will be burning against the latter. 

(3) Place the cover on the box and seal it thoroughly with sand or 
clay. The outlet tube at the bottom of the box should be left open to 
permit the escape of air and of products of combustion. 

(4) When air has been removed completely, the hydrogen flame will 
go out. This will become apparent by cooling of the box which can be 
detected by feeling with the hand occasionally at a point just over the 
location of the flame. 

(5) Connect a manometer to the outlet without interrupting the flow 
of gas and regulate the flow so that the manometer will indicate a posi¬ 
tive box pressure of not less than 0.2 in. of water, at which there will 
be a slow escape of gas bubbles through the water in the tube. Then 
place the box in the furnace for the annealing operation. 

An alternative method of regulating the pressure in the box is to 
light the gas escaping from the outlet tube, instead of connecting it 
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to the manometer. It will be necessary that the flame be 1 to 2 in. long. 
In order to accomplish this without excessive gas consumption, the end 
of the line should be fitted with an orifice, jet or valve. This method is 
less reliable and less economical than the manometer method. Fig. 
M-16 illustrates the method. 


f 


Outlet 

Tube 


Hose 
Connection 


Light Escaping 
Gas 


from Furnace 
or Box 


XJf 

U Tube 
Manometer 


Orifice or Jet V 
Outlet Tube ^| 


from Furnace or Box 


MANOMETER METHOD FLAME METHOD 

Fig. M- 16 —Methods for controlling gas pressure in furnace or annealing box. 


After annealing, the box may be cooled in the furnace or may be 
withdrawn and cooled more rapidly in the air. Care should be taken 
to increase the flow of reducing gas to maintain the 0.2-in. pressure 
within the box, or the 1- to 2-in. flame length, whichever means of 
regulation is being used. When the box has cooled to below 500°F. 
there will be no danger of oxidation and the work may be removed. 
However, it will,be found just as convenient usually to allow the box 
to cool completely, so that it may be opened by hand. 

The Effect of Cold Work Previous to Annealing 

This is important and must not be overlooked if best results, espe¬ 
cially control of grain size, are to be obtained. 

The greater the amount of cold work to which the metal or alloy 
has been subjected, the lower is the annealing temperature required 
to produce the same degree of softness without increasing grain size, 
or the shorter is the required time at temperature. Hard Monel that 
has been cold worked heavily, 50 per cent or more, softens more rapidly 
than half-hard Monel that has been cold worked approximately 25 
per cent. 

The amount of previous cold work also has a critical influence upon 
the ductility of nickel and nickel alloys after annealing. This is true 
regardless of the type of cold work. If only a small amount is done, for 
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example, approximately 10 per cent, the full ductility cannot be re¬ 
stored by annealing, even though the hardness is reduced to the level 
of soft material. A minimum of approximately 20 per cent of cold work¬ 
ing between anneals is required to insure adequate ductility and soft¬ 
ness following annealing. 

Internal fractures may result if a metal or alloy is cold worked 
excessively. These cannot be eliminated by annealing and will cause 
the work to be lost. Monel, nickel and Inconel should not be cold 
worked more than 50 per cent reduction in thickness in spinning and 
deep-drawing operations, nor more than 75 per cent in cold-rolling and 
wire-drawing operations. 



Fig. M-17 —Increase in hardness of various metals and alloys with cold 

working. 
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The curves of Fig. M-17 show the rates of hardening due to cold 
working for several metals and alloys. Nickel and the high-nickel alloys 
work harden more rapidly than softer materials, such as aluminum, 
copper and deep-drawing steel. Because of this, the fabricator seldom 
will be able to do more than 50 per cent of cold work between annealing 
operations, since the metal will become too hard for easy deformation. 

The approximate relationships between Brinell, Rockwell and Vick¬ 
ers hardnesses for Monel, nickel and Inconel are given in Fig. M-18. 

The Effect of Rate of Cooling 

Neither slow cooling, whether in or out of the furnace, nor rapid 
cooling by quenching, have any specific effect on the resulting softness 
of annealed Monel, nickel and Inconel. Therefore, rapid cooling is 
preferable both to economize time and to minimize the amount of 
oxidation. 

“K” Monel and “Z” Nickel differ from Monel, nickel and Inconel 
in this respect. They are not solid-solution alloys; they age- or precipi- 



Fig. M-18 —Approximate relationships between Brinell, Rockwell and Vickers 
hardnesses for nickel and high-nickel alloys . 
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tation-harden during slow cooling. Therefore, they must be cooled 
rapidly from their annealing temperatures to secure softening. 

Grain-Size Control and Its Effect Upon Fabrication 


Coarse-grained material is unsuitable for most cold-working opera¬ 
tions, especially those involving large amounts of cold work. Grain re- 
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finement by methods akin to the normalizing of steel is not possible 
with nickel, Monel and Inconel. A coarse grain in the high-nickel mate¬ 
rials cannot be refined by thermal treatment only; it can be removed 
only by cold working in excess of 50 per cent, followed by recrystal¬ 
lization as a result of soft annealing. 

Maximum workability is obtained with material that has been an¬ 
nealed to remove completely the effect of previous cold working, with¬ 
out allowing appreciable grain growth to occur. This condition is de¬ 
scribed as “soft temper, fine to medium grain.” The actual grain size 
should not exceed 0.0025 in. (0.064 mm.). This gives the best combina¬ 
tion of ductility, to permit extensive deformation; strength, to with¬ 
stand the action of the tools; and surface quality to facilitate polishing. 
Only in those cases in which the final surface condition is unimportant 
may grain size and its control be neglected. 

The curves given in Fig. M-19 will be found useful for rapid con¬ 
versions of grain size from English to Metric standards. 



Fig. M-20 —Photomicrograph (500AT) of cross-section of nickel sheet, after 
annealing in an atmosphere which fluctuated from oxidizing to reducing, 
showing typical inter crystalline deterioration. 
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The Effect of Fluctuating Atmospheres During Annealing 

If nickel and the high-nickel alloys are heated in atmospheres that 
fluctuate between oxidizing (excess of air) to reducing (excess of car¬ 
bon monoxide or hydrogen), severe inter-crystalline attack, with re¬ 
sulting embrittlement will occur, even though the atmosphere is sulfur- 
free. This is illustrated in the photomicrograph shown in Fig. M-20. 
This type of embrittlement can be prevented by maintaining a constant 
and sufficient excess of a reducing gaseous atmosphere during heating 
and cooling. 

Protection from Contamination By Foreign Materials 

Many lubricants used for deep drawing and spinning contain sulfur. 
Unless these are removed before annealing, embrittlement therefrom 
will occur. Removal is accomplished by washing with trisodium phos¬ 
phate or with volatile, organic, grease-removing solvents, such as car¬ 
bon tetrachloride or trichlorethylene. Irrespective of the type of lubri¬ 
cant used, it should be removed thoroughly from the material before 
annealing. Paint marks and other adherent substances that may con¬ 
tain sulfur or other harmful ingredients should be removed also by ap¬ 
propriate methods before annealing. 

Other serious sources of contamination are spallings from furnaces 
and heating boxes and “pick-up” from contact with improperly cleaned 
surfaces. Parts that are to be heated directly in a furnace should never 
be placed on the furnace hearth. Either the hearth should be covered 
with a sheet of nickel or of a heat-resisting alloy, or the parts should be 
placed in a tray or basket of such materials for handling in and out 
of the furnace. The parts also should be protected from damage by 
particles falling from the furnace roof, either by a suitable cover or by 
installing a metal roof lining. 

Inconel and other heat-resisting, nickel-chromium-iron alloys are 
suitable materials for furnace linings, trays, baskets or sealed boxes. 
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LOW-TEMPERATURE (STRESS-EQUALIZING) ANNEALING 

Cold-worked and hot-worked nickel and nickel alloys require a 
low-temperature thermal treatment to develop their optimum combina¬ 
tions of strength and ductility, and to insure against instability of 
dimensions upon subsequent machining. This low-temperature treat¬ 
ment is often erroneously called stress-relief annealing or normalizing. 
Actually, it neither relieves nor removes all stresses nor alters the grain 
structure. It equalizes, or homogenizes, the material by dissipation of 
local concentrations of stress, so as to render it satisfactory for precise 
engineering applications. True stress-relief annealing is essentially soft 
annealing. Normalizing accomplishes a grain refinement and describes 
accurately the treatment of steels but not of non-ferrous materials. 

The proper low-temperature, or stress-equalizing, thermal treatment 
for the above purpose depends upon the nature of the preliminary fab¬ 
rication or working. Hot-worked material requires a higher homogeniz¬ 
ing temperature than cold-worked material. The following data for 
Monel define and illustrate this difference. 

Cold-Worked Material 

Fig. M-21 shows the effect of heating for three hours at tempera¬ 
tures up to 775°F. on y 2 -in. diam., cold-drawn Monel rods. 

These curves show increases, up to a temperature range of 525° tc 
600°F., in proportional limit (yield strength, 0.00 per cent offset), 
proof stress (yield strength, 0.01 per cent offset), endurance limit and 
elongation, with inappreciable changes in hardness, yield strength (0.20 
per cent offset) and tensile strength. Above 600°F., strength and hard¬ 
ness decrease fairly rapidly and ductility increases. Similar results are 
obtained with “R”* Monel and nickel. Inconel can be stress-equalized 
up to 800°F. without decreasing its strength factors. “K” Monel and 
“Z” Nickel show slight age-hardening after heating at these low temper¬ 
atures. Whenever these two alloys, in the cold-worked condition, are 
age-hardened, the stress-equalizing anneal is unnecessary since the age¬ 
hardening temperature is higher and thereby automatically effects stress 
equalization. 


•Reg. U. S. Pat. Off. 
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WORKING INSTRUCTIONS 



Fig. M-21 —Effect of 3-hour stress-equalizing anneal upon mechanical 
properties of a l / 2 -in. diam., cold-drawn Monel rod (20 per cent reduction). 


The recommended stress-equalizing temperatures for cold-worked 
material are 575°F. for Monel, “R” Monel and nickel, and 800°F. for 
Inconel. These allow a generous safety factor to avoid a decrease in 
strength properties because of possible slightly inadequate temperature 
control. 

The retention of properties at 525°F. by the high-nickel materials 
is excellent with reasonably prolonged exposures at this temperature. 
The data for Monel summarized in Table M-7 illustrate this and con¬ 
firm the necessity of the thermal treatment to produce the maximum 
proportional limit (yield strength, 0.00 per cent offset). 

The recommended procedure for springs is given in Section H. 
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TABLE M-7 


The Effect of Time at Temperature Upon the Yield Strength 
(0.00% Offset)* When Stress-Equalizing Annealing 
a 1-In. Diam., Cold-Drawn Monel Rod at 525° F. 


Condition 

Yield Strength 
(0.00% offset)* 
at Room Temperature 
psi. 

Ae.Hrawn (90 npr ront reduction) . 

40,000 

After 1 hr at 525° F. 

82,000 

a ffpi* 9 hr at 525^ F.... 

82,000 

Affpt* 4 hr at 525° F . 

81,000 

ft V>r* at 525° F . 

80,000 

Aftpr 16 hr at 525° F . 

80,000 



* Proportional limit. 


Hot-Worked Material 

Recently published data 6 have shown that the optimum stress¬ 
equalizing temperature range for hot-worked Monel is 1022° to 1112°F. 
The condensed data in Table M-8 show that the proportional limit 
(yield strength, 0.00 per cent offset), is most sensitive to the treating 
temperature. 


TABLE M-8 


The Effect of Stress-Equalizing Annealing for 3 Hr. Upon the 
Mechanical Properties of Hot-Worked Monel Plate 


Temperature 

Yield 

Strength 

(0.00% 

offset)* 

psi. 

Yield 

Strength 

(0.20% 

offset) 

psi. 

Tensile 

Strength 

psi. 

Elonga¬ 
tion in 

2 in. 
per cent 

Reduc¬ 
tion of 
Area 
per cent 

Hardness 
Brinell 
3000 kg. 

None—as produced 

36,000 

60,500 

85,500 

32.9 

67.0 

168 

572. 

47,000 

61,000 

86,000 

33.6 

65.4 

163 

932. 

48,000 

60,000 

86,000 

35.0 

67.0 

163 

1022. 

48,000 

58,400 

86,300 

34.0 

67.1 

159 

1067. 

50,000 

57,500 

86,500 

35.0 

65.7 

156 

1112. 

49,500 

57,300 

86,000 

35.4 

65.3 

158 

1202. 

47,000 

54,800 

85,000 

35.7 

65.0 

153 

Fully annealed, 
1472. 

27,000 

32,000 

80,000 

44.3 

68.3 

118 


"Proportional limit. 

Other data in the article show no decrease in proportional limit at 


1022°F. with time at temperature up to 8 hr., and only a very slight 
decrease for up to 8 hr. at 1112°F. Three hours at 1065°F. is recom- 


0 Stress-Relief Annealing of Monel Plate. Peter R. Kosting. Proc. Am. Soc. for Testing Materials, 
36. 222-30 (1936). 
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WORKING I NSTRUCTIONS 


mended as a suitable commercial stress-equalizing treatment for hot- 
worked Monel. 

More recent data show that stress-equalizing annealing, up to 
1000°F., has no appreciably adverse effect upon the rotating-beam en¬ 
durance limit of hot-worked Monel. These are summarized in Table M-9. 


TABLE M-9 

The Effect of Stress-Equcdizing Annecding for 3 Hr. Upon the 
Rotating-Beam Endurance Limit of Vi-In. Diam. Hot-Rolled Monel 


Temperature 
° F. 

Endurance Limit 

10 8 cycles 
psi. 

\T«no_oc Vinf_m11 r>r1 . 

52,500 

600 . 

50,000 

800 . 

50,000 

1 ooo . 

49,500 



In view of these data, high-tensile forgings of Monel, nickel and 
Inconel are stress-equalized annealed at 1000°F. Hot-worked “K” 
Monel and “Z” Nickel do not require this treatment since their respec¬ 
tive age-hardening treatments accomplish the purpose effectively. 

The stress-equalizing annealing of welded vessels is described later 
in this Section. 

Exposure at sub-zero temperatures, (-79° to -110°F.) causes a 
temporary increase in strength factors and endurance limit. This effect 
disappears after the material is allowed to remain at room temperature 
for several days, or after heating at 525°F. for a few hours. The pro¬ 
cedure is not suitable for stress-equalizing annealing. 
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AGE-HARDENING OF "K" MONEL AND "Z" NICKEL 

“K” Monel and “Z” Nickel respond well to age-hardening thermal 
treatments. The chart in Table M-10 is a guide to the time and tem¬ 
perature that should be used; it is expanded in the following para¬ 
graphs. A more detailed discussion is given elsewhere 7 . 

The mechanical properties of the two alloys in their several avail¬ 
able tempers, both age-hardened and not, have been given in Section F. 


Equipment and Conditions for Hardening 
Types and General Arrangement of Furnaces 

The detailed descriptions of furnaces, sources of heat, handling of 
the work, atmospheres and temperature control, that have been given 
previously for annealing apply to age-hardening also. 

Electric furnaces provide the optimum uniformity and cleanliness 
required for this work. Gas-fired furnaces, particularly those of the 
radiant-tube type, can be made to give satisfactory results. It is difficult 
to obtain good results from oil firing, even with muffle furnaces. It is 
often better to secure a small furnace rather than attempt to adapt an 
existing furnace that may be unsuited to the work. 

Age-hardening should be done in sealed boxes placed inside the 
furnace. The boxes should hold the parts loosely packed, yet afford 
only a minimum of excess space. A thermocouple, preferably Chromel- 
Alumel, should be located inside the box at approximately the center 
of the charge. Connections should be provided for gas inlet and outlet 
for purging, and for the maintenance of a reducing atmosphere. Figs. 
M-22 and M-23 show arrangements of two types of box. 



All Connections 
„ Long Enough 
to Reach 
Outside Furnace 


Fig. M-22— Bell-type heat-treating box with connections. 


t The Heat Treatment of "K” Monel and "Z" Nickel. Technical Bulletin T-16. November 
1939. The International Nickel Company, Inc., New York, N. Y. 
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WORKING INSTRUCTIONS 



All Connections 
Long Enough 
to Reach 
Outside Furnace 


Fig. M-23 — Pot-type heat-treating box with connections. 


If age-hardening is done in small horizontal or vertical furnaces, 
without boxes, as shown in Figs. M-24 and M-25, the required condi¬ 
tions are essentially the same. Electric heating is necessary if special 
atmospheres are to be used. 


ft 


Loading 
End— 


Locate Thermocouple for 
Average Reading 


ft 


ft 


Inlet Tube 
from Gas Supp ly 


^Thermocouple Tube 


Outlet Tube 


~ 7 ~ 


Thermocouple 
Wires 


Fig. M-24 —Horizontal heat-treating furnace with connections. 



Fig. M-25 —Vertical heat-treating furnace with connections. 


Temperature Control 

A constant temperature, maintained within 10°F. by suitable control 
devices, is essential. It is important also that the temperature in all 
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parts of the charge be uniform. If boxes are used, a second thermo¬ 
couple should be located in the furnace outside the box so that the 
temperature of the furnace itself will not go above the desired limit. 

Atmospheres 

For perfectly bright hardening, dry hydrogen or cracked and dried 
ammonia should be used. These should be treated as shown in Fig. M-14 
to remove such impurities as may be present, and used as described in 
detail on pages 26 to 32 of this Section. Propane or butane should not 
be used unless soot deposits can be prevented. These gases should also 
be dried and freed from oxygen and sulfur compounds as indicated in 
Fig. M-14. The flow of the atmospheric gas should be kept to the mini¬ 
mum necessary to maintain a slight excess pressure in the box or 
furnace. 

When bright hardening is not required, other atmospheres such as 
nitrogen, cracked natural or city gas, cracked hydrocarbons, or a gen¬ 
erated gas, may be used. If a light oxide surface is not objectionable, 
no special atmosphere need be used. Freedom from sulfur-containing 
gases is necessary. 

Hardening Processes 

"K" Monel 

“K” Monel is hardened by a single thermal treatment consisting of 
aging at the required temperature, followed by controlled cooling. No 
preliminary quenching treatment is required. “K” Monel should not 
be heated above the specified temperature, otherwise some softening will 
result. Since the ultimate hardness is a combination of the effects of 
cold working and age-hardening, any annealing action will result in 
lower final hardness values. 

The correct temperature and time to be used in hardening will vary 
slightly according to the initial temper of the material. The heat treater 
should know the original temper or condition of the material so that 
hardening can be carried out at the optimum temperature. If this in¬ 
formation is not available, hardness readings on the material as re¬ 
ceived will indicate the temper. 

Although a very slow cooling rate is specified in the following 
instructions, this need be followed strictly only if the maximum attain¬ 
able hardness is desired. Practically complete hardening will result if 
a moderately slow rate of cooling is used, such as 25 °F. to 50 F. per hr. 
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In any case, the operation will be simplified greatly by cooling in steps 
of 100°F. and holding at each step long enough to provide the optimum 
average rate. Thus, dropping the temperature 90°F. and holding for 
6 hr. will have practically the same effect as dropping 15°F. each hour. 

(a) Soft “K” Monel (140 to 180 BHN, 75 to 90 Rockwell B) is 
hardened by holding it for 16 hr. at 1080° to 1100°F., followed by 
furnace-cooling to 900°F. at a rate not exceeding 15°F. per hr. Cooling 
from 900°F. to room temperature may be carried out by furnace cooling 
or air cooling, or by quenching, without regard to the cooling rate. 

Soft material can be hardened also by holding one hr. at 1200° to 
1250°F., followed by furnace cooling, at not exceeding 15°F. per hr., 
down to a temperature of 900°F., with further cooling as above. This 
alternative procedure has the advantages of requiring less total time 
in the furnace (21 to 23 hr. as against 28 to 29 hr. for the procedure 
described in the preceding paragraph) but it requires a longer period 
of controlled cooling (20 to 22 hr. as against 12 to 13 hr.). 

These procedures are applicable for forgings, annealed or hot-rolled 
rods, large cold-drawn rods (over 1 ^ 2 -in. diam.) and soft wire or strip. 

(b) Moderately cold-worked “K” Monel (175 to 250 BHN, 8 to 23 
Rockwell C) is hardened by holding it for 8 hr., or longer, at 1080° to 
1100°F., followed by furnace cooling to 900°F. at a rate not exceeding 
15°F. per hr. Higher hardness may be obtained by holding it for as 
long as 16 hr. at temperature, particularly if the material has been only 
slightly cold worked. As a general rule, material having an initial hard¬ 
ness of only 175 to 200 BHN, or 8 to 13 Rockwell C, should be held 
the full 16 hr. Material close to the top figure of 250 BHN, or 23 
Rockwell C, should attain full hardness in 8 hr. 

This procedure is applicable for small cold-drawn rods (up to 
diam.), half-hard strip, cold-upset pieces and intermediate-temper wire. 

(c) Fully cold-worked “K” Monel (260 to 315 BHN, 25 to 32 Rock¬ 
well C) is hardened by holding it at 980° to 1000°F. for 6 hr. or 
longer, followed by furnace cooling to 900°F. at a rate not exceeding 
15°F. per hr. In some instances slightly higher hardness may be ob¬ 
tained (particularly with material initially near the lower end of the 
hardness range) by holding 8 to 10 hr. at temperature. 

This procedure is applicable for full-hard strip, spring wire or 
heavily cold-worked pieces such as small, cold-formed balls. 
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From the procedures outlined, it will be noted that the required 
temperature and time of age-hardening are decreased with increase in 
the hardness of the original material. When the material has been cold 
worked, it responds more rapidly to the hardening treatment and, fur¬ 
thermore, it may be partially annealed if held at too high a temperature. 

"Z" Nickel 

The hardening operation is similar to that used for “K” Monel. 
Since the ultimate hardness is a combination of the effects of cold work¬ 
ing and heat treatment, care should be taken that the temperature 
does not exceed the upper limits set forth in the following detailed 
instructions. Unless such care be taken, partial annealing will result, and 
thus the ultimate hardness will be influenced adversely. 

The required temperature and time for hardening “Z” Nickel will 
vary somewhat with the initial temper of the material. If this informa¬ 
tion is not available, hardness readings on the material as received will 
indicate the temper. 

(a) Soft “Z” Nickel (140 to 180 BHN, 75 to 90 Rockwell B) is 
hardened by holding it for 16 hr. at 1080° to 1100° F., followed by fur¬ 
nace cooling or quenching. 

This procedure is applicable for forgings, annealed or hot-rolled 
rods, large cold-drawn rods (over 1-in. diam.) and soft strip or wire. 

(b) Moderately cold-worked “Z” Nickel (200 to 300 BHN, 15 to 31 
Rockwell C) is hardened by holding it at 1080° to 1100°F. for not less 
than 8 hr., followed by furnace cooling or quenching. Additional hard¬ 
ness can be obtained by holding as long as 16 hr. at temperature, in 
cases where the original hardness is near the lower limits of the hard¬ 
ness range given above. 

This procedure is applicable for small cold-drawn rods, (up to 1-in. 
diam.) half-hard strip, cold-upset articles, and intermediate-temper 
wire. 

(c) Fully cold-worked “Z” Nickel (290 to 375 BHN, 30 to 40 Rock¬ 
well C) is hardened by holding it at 980° to 1000°F. for 6 hr. Again, it 
will be found that increasing the time up to 8 hr. will be beneficial in 
instances where the original hardness is near 30 Rockwell C. On the 
other hand, very hard-drawn wire can be age-hardened fully in only 
4 to 5 hr. 
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This procedure is applicable for full-hard strip, spring-temper wire, 
and heavily cold-worked parts, such as small, cold-formed balls. 

From these instructions it will be noted that “Z” Nickel, like “K” 
Monel, requires a slightly higher temperature and longer time for the 
age-hardening of soft material than of cold-worked material. 

In many cases, it will be found economical and convenient to 
charge the work into a furnace equipped with a suitable controller¬ 
recording pyrometer, at the end of the working day. Arrangements can 
be made to cut off the source of heat in the early morning and to con¬ 
tinue the protective atmosphere. This will conclude the age-hardening 
treatment for delivery or further work the following day. 

"S"* Monel 

The age-hardening treatment for “S” Monel is given in Section O. 


Reg. U. S. Pat. Off. 
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DESIGNING HEAVY EQUIPMENT 

Nickel, Monel and Inconel plate and sheet are produced in larger sizes 
and heavier gauges than are usual for non-ferrous materials. With them, 
therefore, the construction of practically all types of equipment that can 
be built of steel plate and sheet is possible. Most fabricating operations 
follow closely the practices for steel, but require slightly different pro¬ 
cedures. Reference to steel practice is made to illustrate the points of 
similarity and difference. 

Standard heads—flared and dished, flanged and dished, and flanged 
only—are produced by hot pressing, hot spinning or cold pressing. The 
angles, flats, rods, tubes and castings necessary for heavy plate construc¬ 
tion are standard products, as are also forged and tapped welding flanges, 
vanstoned pipe ends for flanged fittings, and other accessories. 

Mechanical Properties 

The mechanical properties of plates at room temperature have been 
given in Section F. Table M-ll gives the minima yield and tensile 
strengths for annealed material, and the physical constants important for 
design. 

The influence of temperature upon the mechanical properties of any 
materials of construction is important. Creep and short-time, high- 
temperature tensile data, given in Section J, establish the following tem¬ 
peratures as the upper limits for which room-temperature strength values 
may be applied: 

Nickel . 600° F. 

Monel. 750° F. 

Inconel . 900° F. 

At higher temperatures, the safe working stresses decrease gradually and 
are determined from creep characteristics. Table J-10 should be consulted 
for the limiting service temperatures in different atmospheres. 

Higher values than those given in Table M-ll may be used for as- 
rolled (not annealed) plate, but in most cases some parts of the structure 
are of annealed material and for that reason design is usually based on 
annealed properties. 

The A.S.M.E. Code for Unfired Pressure Vessels (Table U-3, revised 
as of March, 1941) permits, for Monel, a maximum allowable working 
stress of 14,000 psi. for metal temperatures not exceeding 750° F. 
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TABLE M-ll 

Mechanical Properties of Annealed Nickel, 
Monel and Inconel Plate and Sheet 


Material 

Yield Strength 
(0.2% Offset) 
psi. 
min. 

Tensile 

Strength 

psi. 

min. 

Modulus of 
Elasticity 

10 -8 psi. 

Poisson’s 

Ratio 

Nickel. 

15,000 

60,000 

30 

0.31 

Monel. 

30,000 

70,000 

26 

0.32 

Inconel. 

30,000 

80,000 

31 

0.29 


Factor of Safety 

The design and fabrication of pressure and vacuum vessels in nickel, 
Monel and Inconel should follow practices which conserve material and, 
at the same time, are safe under the maxima pressure and loading condi¬ 
tions that will be encountered in service. A considerable waste of material, 
with consequent increase in the cost of the finished equipment, will result 
from the use, in designing, of a factor of safety larger than that required 
by the nature of the loading. 

In designing non-code unfired pressure vessels, experience indicates 
that factors of safety lower than those specified for code* vessels may be 
used where material is thicker than % 6 in. Suggested factors of safety are 
given in Table M-12. 


TABLE M-12 

Suggested Factors of Safety for Use in Designing 
Pressure and Vacuum Vessels 


Plate or Sheet Thickness 
in. 

Factor of 

Safety 

Under %. 

5 

% to under ^. 

4 

% and over. 

3.5 



Joint Efficiency Factor 

The efficiency factors given in Table M-13 may be used for welded 
joints, except where lower values are required by code. The mechanical 
properties of welded joints are given in Tables M-15 and M-19. 


* Where code is not stipulated, the A.S.M.E. Code for Unfired Pressure Vessels, 1940 re¬ 
vision, and the A.P.I.-A.S.M.E. Code for Unfired Pressure Vessels, 1936 revision, are 
referred to. Where the vessel under consideration must conform to any other Code, that Code 
must be specified. 
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TABLE M-13 

Joint Efficiency Factors for Welded Nickel, Monel and Inconel Plate 


Type of Joint 

Joint Efficiency 
Factor 

Double-welded butt. 

0.90 

Single-welded butt, with back-up strip. 

Single-welded butt, without back-up strip. 

0.90 

0.80 

Double-welded, full-fillet lap. 

0.70 

Single-welded, full-fillet lap, with plug welds. 

0.70 

Single-welded, full-fillet lap. 

0.60 



Corrosion Allowance 

In the many applications in which there are definite losses of metal 
from corrosion, progressive reductions of wall thickness take place and 
must be considered in the design of the equipment. Corrosion rates are 
expressed usually in average inches penetration per year (ipy.). Such rates 
indicate the depth, in inches, to which uniform corrosion would penetrate 
if the material were exposed to corrosion, on one side only, 24 hours per 
day for 365 days. Corrosion rates have been described in detail in 
Section D. 

Design Formulae 

In the following formulae, strength factors only are included. To 
compensate for expected corrosion, additional thickness of material, 
based upon the known or estimated corrosion rate in ipy. and the 
required number of years of life, must be added to the computed 
safe thickness. In general, pressure equipment involving hazards to 
life and limb should not be constructed of materials that corrode at 
a rate as high as 0.015 ipy., except where periodic careful inspection 
is maintained. 

The formulae used in designing pressure and vacuum vessels of 
nickel. Monel and Inconel are based on the formulae given for steel 
in the A.S.M.E. and A.P.I.-A.S.M.E. Codes for Unfired Pressure Ves¬ 
sels; they have been modified to permit the use of any desired factor 
of safety, whereas the Codes generally require a factor of safety 
of 5. This factor is introduced most conveniently by multiplying the 
working pressure by the factor of safety to arrive at a value for P c 
(collapsing pressure) or P b (bursting pressure). 
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Definition of Symbols 

The following symbols are used. Fig. M-26 illustrates the dimensional 
nomenclature of shells and heads. 

a = half the included angle of a conical head, deg. 

D = outside diameter of shell or head, in. 

D ra = mean diameter of shell or head, in. 

E = modulus of elasticity of material, psi. 

Ef = efficiency of joint. 

e = out-of-roundness of shell (max. diam. minus min. diam.), in. 
F = height of straight flange on heads, in. 

L = greatest length of shell between heads or stiffening rings, in. 
H = total mean depth of head, including flange, in. 

Pb = bursting pressure of shell or head under internal pressure, psi., 
(internal working pressure x factor of safety). 

P c = collapsing pressure of shell or head under external pressure, 
psi., (external working pressure x factor of safety). 

Ri = inside radius of dish in flanged and dished heads, in. 

R m = mean radius of dish in flanged and dished heads, in. 

Rk = mean radius of knuckle in flanged and dished heads, in. 

S t = minimum tensile strength of material, psi. 

S y = minimum yield strength of material, psi. 
t = thickness of material, in. 

M = Poisson’s ratio of material. 

V = factor from Fig. M-32. 

W = factor from Fig. M-33. 

Cylindrical Shells Under Internal Pressure 

In most cases the minimum thickness of plate can be computed from 
formula (1); 


or, the bursting pressure for a given shell may be computed from 
formula (2). 



( 2 ) 


When the ratio t/D is to be greater than 0.02, greater accuracy will 
be obtained by using formula (3). When t/D is less than 0.02, formula 
(1) is sufficiently accurate and is easier to use. 


t 



( 3 ) 
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Where these lengths are unequal, use greater one in formula 


-- L --- L - r - L -. 

--- 1 -i 


1---P- 

- L. -JL ♦ 

[ 

>m D 


f 

SHELL WITH VARIOUS TYPES OF STIFFENING RINGS 



FLANGED AND DISHED HEAD ELLIPSOIDAL HEAD 



Fic. M- 26 —Dimensional nomenclature of shells and heads for construction of 
heavy equipment. 
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WO R KING INSTRUCTIONS 


Cylindrical Shells Under External Pressure 

COLLAPSING PRESSURE 

Failure of cylindrical shells under external pressure may occur in one 
of three ways, depending upon the relations existing among diameter, 
length, and thickness of plate. It is necessary to check for possible failure 
in the three ways and to use the lowest of the values obtained for collaps¬ 
ing pressure, or the greatest of the values obtained for plate thickness. 
The three types of failure are discussed in the following paragraphs. 

1. For relatively short vessels of heavy wall, failure usually results from 
the yield strength of the material being exceeded. The t/D ratio is the 
factor affecting collapse. In such cases the collapsing pressure is given by 
formula (4). 


p _ 2 Sy (t/D) 

Pc " 1.05 . - . (4 > 

2. In longer shells, failure may occur before the yield strength of the 
material is reached. Failure in such cases occurs by buckling of the shell 
because of instability. The collapsing pressure depends upon both the t/D 
and the L/D ratios as shown by formula (5). 

p _ 2.6 E (t/D)2-5 ^ 

L/D - 0.45 (t/D) o.5‘ * ‘ • ..^ ' 

3. When L/D is increased to a value of approximately 10 (the exact 
value depending upon the t/D ratio and the material), the heads cease 
to have any appreciable stiffening effect and further increase in L/D is 
not effective. For such long shells, formula (6) is used. 

Pc = (t/D)*.(6) 

1 ““ \X L 

The charts in figures M-27 to M-29 have been drawn to show the 
regions in which failure will occur under the three conditions represented 
by equations (4), (5) and (6). The pressure, P c , is the actual collapsing 
pressure; the working pressure is obtained by dividing the collapsing 
pressure by the appropriate factor of safety given in Table M-12. 

Each line on the charts represent a constant value of t/D. The hori¬ 
zontal portion of the line toward the left represents failure by exceeding 
the yield strength [formula (4) ], and the sloping portion represents fail¬ 
ure due to instability [formula (5)]. The short horizontal portions of 
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Fig. M-27 —Collapsing pressures for cylindrical nickel shells under external 

pressure. 

Yield Strength (Sy) =15,000 psi. min. 

Modulus of Elasticity (E) =30,000,000 


some curves at the right represent failure of very long vessels [formula 
(6) ]; where no such portion is shown on the curves, this effect takes place 
at L/D values beyond the limits of the charts. Where the t/D curve 
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Fig. M-28 —Collapsing pressures for cylindrical Monel shells under external 

pressure. 

Yield Strength (Sy) =30,000 psi. min. 

Modulus of Elasticity (£) =26,000,000 


shows no sloped portion, the t/D value is sufficiently high that failure will 
never occur due to instability, but always due to exceeding the yield 
strength. 


Ratio of Unstiffened Length to Outside Diameter (%) 
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Fig. M-29 — Collapsing pressures for cylindrical Inconel shells under external 

pressure . 

Yield Strength (Sy) =30,000 psi. min. 

Modulus of Elasticity (E) =31,000,000 


EXAMPLES 

1. It is desired to find the required thickness of an Inconel shell to with¬ 
stand 200 psi. external working pressure. The desired factor of safety is 
assumed to be 4. The diameter is to be 20 in. and the length between heads 


Ratio of Unstiffened Length to Outside Diameter {%) 










































































































WORKING INSTRUCTIONS 


120 in. The value of L/D will be 120 —20 = 6.0 and the required col¬ 
lapsing pressure will be 200 X 4 = 800 psi. In Fig. M-29, locate the 
intersection of the horizontal line for P c = 800 with the vertical line for 
L/D = 6.0. This point comes between the sloped curves for t/D = 0.020 
and t/D = 0.024. The value of t/D is interpolated to be 0.0205. The 
required value of t will be 0.0205 X 20 = 0.410 in. Thus % 6 in. plate 
would be used. 

Since failure in this case will occur through buckling, it will be advan¬ 
tageous to install stiffening rings. By using 2 rings equally spaced, L 
becomes 120 -f- 3 = 40 in. and L/D becomes 40 -f- 20 = 2.0. In this case 
t/D becomes 0.014 at P c = 800 and L/D = 2.0. The thickness required 
will now be only 0.014 X 20 = 0.280 in., with 5 / 16 in. plate probably 
being used. 

2. It is desired to find the collapsing pressure for a Monel vessel having 
D = 50 in., L = 50 in., and t = y 2 in. The value of L/D will be 1.0 and 
the value of t/D will be 0.010. In Figure M-28, at the intersection of the 
curve t/D = 0.010 with the vertical line L/D = 1.0, the value for P c 
from the horizontal lines will be 575 psi. This vessel will collapse due to 
exceeding the yield strength of the material. 

PERMISSIBLE OUT-OF-ROUNDNESS 

The influence of the variation from the true circular form of a shell 
upon its collapsing pressure cannot be determined accurately due to the 
innumerable variations which may occur. Figure M-30 is based upon an 
empirical formula taken from the A.S.M.E. Code for Unfired Pressure 
Vessels. It shows the permissible out-of-roundness for shells of various 
proportions. Shells that come within the limits of accuracy indicated will 
have a collapsing pressure of at least 85 per cent of the theoretical value 
for a perfect cylinder. The factor of safety will take care of the difference. 

The out-of-roundness factor, e, is equal to the maximum inside 
diameter less the minimum inside diameter. It should be neither difficult 
nor expensive, under good shop practice, to meet the permissible varia¬ 
tions, except possibly in the case of thin shells of relatively small diameter. 

STIFFENING RINGS 

Reinforcements in the form of rings of flat steel bars, angles, channels 
and other shapes, may be used to reduce the effective length of unsup¬ 
ported shells and permit a reduction in the shell thickness where the L/D 
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Fig. M-30 —Permissible out-oj-roundness for cylindrical shells under external 

pressure. 
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Fig. M-31 — Required moment of inertia of stiffening rings for cylindrical 
shells under external pressure. 
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and t/D ratios fall well within the region of the inclined lines of figures 
M-27 to M-29. The “I” bar is the most widely used section for riveted 
stiffener rings as it is symmetrical, easy to bend, and economical of 
material. For welding, rectangular flats bent on edge, rings cut from plate 
and “I” bars are the preferred sections. Welding need not be continuous. 

The curves in Fig. M-31 taken from the A.S.M.E. Code for Unfired 
Pressure Vessels show the required moment of inertia of cross-section 
for stiffener rings. 

Heads 

The following formulae give the required minima thicknesses of heads 
of various shapes. When a head contains one or more welded joints (ex¬ 
clusive of the joint between head and shell) the thickness computed by 
formulae must be increased by multiplying by 1/E f , or the allowable 
pressure for a given thickness reduced by multiplying by E f . 

In all cases, the collapsing pressure for heads with pressure on the 
convex side is 60 per cent of the bursting pressure for heads of the same 
design with pressure on the concave side. 


FLANGED AND DISHED HEADS 
A.S.M.E. Code for Unfired Pressure Vessels. 

Pressure on concave side. 

t = 1-67 P b R; 

2 S t . 


Pressure on convex side. 

t = 167 p c Ri 
1.2 S t 

P = hi * s t 

c 1.67 R;. 


( 7 ) 

( 8 ) 


( 9 ) 


(10) 























Factor W Factor 
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J_______Hi________L_J__l_J_l 

3.5 3.0 2.6 2.5 2.0 1.5 1.0 

Ratio of Major to Minor Axis of Elliptical Head 

Fig. M-32 — Curve for determining values of factor V. 



Ratio of Mean Knuckle Radius to Mean Crown Radius 
Fig. M-33 —Curve for determining values of factor W . 
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WORKING INSTRUC TIO N S 


A.P.I.-A.S.M.E. Code for Unfired Pressure Vessels. 
Pressure on concave side. 


t = P b R m W 
2 S t 


Pb = 


2 t S t 
Rm W 


Pressure on convex side. 

P c R m W 
1.2 S t 


( 11 ) 

( 12 ) 


(13) 


1.2 tS 

Rm w. (1 ' 4 ) 


In no case should R m be greater than the mean diameter of the head, 
D m , and it is common practice to make the two equal. Also, in no case 
should R k be less than 6 per cent of R m . 

Values of W are taken from Fig. M-33 for values of R k /R m . 


ELLIPSOIDAL HEADS 
Pressure on concave side. 


t = PbDm V 

2 S t 


Pb = 


2 t S t 
D m V 


Pressure on convex side. 


t = PbDm V 

1.2 S t . 


(15) 

(16) 


(17) 


Pb 


1.2 t S t 
D m V 


(18) 


The factor, V, is taken from Fig. M-32 for values of the ratio of major 
to minor axis, D m /2(H-F), of the ellipse. In no case should this ratio 
be made greater than 2.6. When both axes are equal, the formulae for 
hemispherical heads will apply. 
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(19) 

( 20 ) 

( 21 ) 
( 22 ) 

CONICAL HEADS 

Pressure on concave side. 

t = fi, Dm 
2 S t Cosa 

p 2 t S t Cosa 

m> = -—-.. 

D m 

Pressure on convex side, 
t = Pc Dm 

1.2 St Cosa 
p _ 1-2 t S t Cosa 


Pipes and Tubes 

Pipes and tubes are designed in the same manner as cylindrical shells. 
Where internal pressure is applied, formula (1) gives the required wall 
thickness of thin tubes. Formula (3) should be used for tubes or pipe 
where the ratio t/D is greater than 0.02. The joint efficiency factor, Er, 
will be 1.0 for seamless pipe or tube. 

Where external pressure is involved, formula (6) should be used, 
lormulae (4) or (5) may apply for very short pipes or tubes, but usually 
these have a ratio of L/D equal to at least 10, which calls for the use 
of formula (6). 


(23) 

(24) 

(25) 

(26) 


HEMISPHERICAL HEADS 
Pressure on concave side. 
t - P b Dm 

4 St " V ' 
p 4 t St 

tb —— . 

D m 

Pressure on convex side. 
t _ Pc Dm 

2.4 S t . 

P _ 2.4 t S t 
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WELDING, BRAZING AND SOLDERING 

The joining processes that are used for steel are applicable, though 
sometimes with slight modification, to Monel, “K” Monel, nickel, 
“Z” Nickel and Inconel. They are tabulated below and discussed at 
length in succeeding sub-sections. Additional information is contained 
in another publication 8 . 

Widely Used Processes 

Welding 
Electric-Arc 
Oxy-acetylene (gas) 

Resistance 

Silver brazing (silver soldering) 

Soft soldering 

Less Widely Used Processes 

Welding 

Atomic-hydrogen 
Unionmelt (submerged melt) 

Furnace brazing 
Bronze brazing 

Only the first five processes can be considered as having broad appli¬ 
cation to the high-nickel materials. Since all five produce very satis¬ 
factory joints, the choice among them is determined by: 

(1) the corrosive environment to which equipment will be exposed (to 
establish whether welding, silver brazing or soft soldering is applicable), 

(2) the thickness of material being joined, 

(3) the design of the piece of equipment, and 

(4) the design of the individual joints in the equipment. 

The oxy-hydrogen flame is not practicable for the welding of nickel 
or nickel alloys because of its low temperature. Hammer welding is not 
possible because fusion does not occur unless the metal is melted. 

Good properties are inherent in welded joints in all five materials, 
and no after-treatment, either thermal or chemical (passivation), is 
needed nor recommended to retain or restore corrosion resistance. The 
joints are equivalent in corrosion resistance and strength to the parent 

8 "Welding, Brazing and Soft Soldering of Monel, Nickel and Inconel." Technical Bulletin 
T-2. June 1940. The International Nickel Company, Inc., New York, N. Y. 
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metal. Thermal treatments, however, may be applied for special reasons, 
as, for examples, a stress relief of a fabricated Monel structure to meet 
Code requirements, or an age-hardening treatment to increase strength 
and hardness in “K” Monel. 

Since the coefficients of expansion of the high-nickel materials are 
practically the same as that of steel, warping and buckling resulting 
from a welding operation will be essentially the same as that obtained 
for steel in the same construction. 

A summary of oxy-acetylene and metal-arc welding rods for Monel, 
Nickel and Inconel is given in Table M-14. 

TABLE M-14 


Oxy-Acetylene and Metal-Arc Welding Rods and Fluxes 


Welding Wire or Rod 

Type of Welding 

Application 

MONEL 

“40” Monel Gas-Welding Wire. .. 

Oxy-Acetylene 

General purpose oxy-acetylene welding of 
Monel. Used with Monel Gas-Welding Flux. 

“43” Monel Gas-Welding Wire... 

Oxy-Acetylene 

A silicon-Monel gas-welding wire for oxy- 
acetylene welding of heavy Monel sections 
for acid pickling service. No flux is required. 

‘‘50” Monel Wire . 

Unionmelt 

Submerged-arc welding. 

“130X” Monel Welding Electrode 
D.C. 

Metal-Arc 

All metal-arc welding of Monel to Monel, of 
Monel to steel, and of nickel to steel. 

NICKEL 

”41” Nickel Gas-Welding Wire.. . 

Oxy-Acetylene 

Oxy-acetylene welding of pure nickel. No 
flux is required. 

“51” Nickel Wire. 

Unionmelt 

Submerged-arc welding. 

“131” Nickel Welding Electrode 
DC . 

Metal-Arc 

Metal-arc welding of pure nickel. 

“136“ Nickel Welding Electrode 
D.C. 

Metal-Arc 

Metal-arc welding of “L” Nickel and “L” 
Nickel-clad steel (nickel side only). 

INCONEL 

“42” Inconel Gas-Welding Wire. . 

Oxy-Acetylene 

Oxy-acetylene welding of Inconel. Used with 
Inconel Gas-Welding Flux. 

“52” Inconel Wire. 

Unionmelt 

Submerged-arc welding. 

*132” Inconel Welding Electrode 
A. C.-D. C. 

Metal-Arc 

Metal-arc welding of Inconel. 

“K” MONEL 

“44” “K" Monel Gas-Welding 
Wire . 

Oxy-Acetylene 

Oxy-acetylene welding of ”K” Monel. Used 
with Oxweld Cromaloy Flux. 

“134” “K” Monel Welding Elec¬ 
trode D.C. 

Metal-Arc 

Metal-arc welding of ”K” Monel to "K” 
Monel. 

NICKEL-CLAD STEEL PLATE 
“131” Nickel Welding Electrode 
D.C. 

Metal-Arc 

Metal-arc welding of nickel side only. 

MONEL-CL^D STEEL PLATE 
“ 130X” Monel Welding Electrode 
D.C. 

Metal-Arc 

Metal-arc welding of Monel side only. 

INCONEL-CLAD STEEL PLATE 
“133” 80/20 Nickel-Chromium 
Welding Electrode A.C.-D.C.. . 

Metal-Arc 

Metal-arc welding of Inconel side only. 
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Electric-Arc Welding 

Satisfactory joints are produced by both oxy-acetylene and electric- 
(metal-) arc welding. The choice, in which sheet steel practise is an 
acceptable guide, is determined, not by the composition of the material 
but by the thickness, the design of the piece, and the design of the 
individual joint. Electric welding, if applicable, will produce less 
buckling than gas welding. 

In electric-arc welding, practises in joint design, layout and welding 
manipulation similar to those used in making quality welds in steel are 
followed. 

Nickel and Monel can be welded in all positions with the same 
facility as steel. While Inconel can be welded in any position, it is best, 
when possible, to position the work for downhand or flat welding. 

In general, the lower limit of thickness of sheet for electric-arc weld¬ 
ing is set at 0.037 in., but with the recently introduced rectifier-type 
welding equipment, thicknesses as light as 0.018 in. have been welded 
with electrodes smaller than 1/16-in. diam. 

The procedures for “K” Monel and “Z” Nickel are described on 
pages 93 and 96, and those for clad products on pages 114 to 116. 

Mechanical Properties of Welds 

Tensile properties of electric-arc welded joints in Monel, “K” 
Monel, nickel and Inconel are listed in Table M-15. All welds were 
machined flush with the plate before testing. 

Electrodes 

The types of electrodes available, all shielded-arc, and the recom¬ 
mended applications for each, are listed in Table M-14. A guide to the 
selection of proper electrode size is given in Table M-16. The standard 
electrodes are packed in 5-lb. bundles sealed in waxed paper. They 
should be left in the sealed bundles until they are to be used, and kept 
in a dry place. 

The electrodes listed in Table M-14 have been designed for use 
with d.c. motor-generator or rectifier-type welders and will produce satis¬ 
factory joints when so used. They will not produce satisfactory welds 
with a.c. transformer-type welders. Diameters of 3/16 in. and smaller 
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TABLE M-16 


Electrode Diameter vs. Sheet Thickness 


Electrode 

Diam. 

in. 

Approximate 
Number of 
Electrodes 
per lb. 

Sheet Thickness on which 

Electrode is Used, in. 

% 

32 

Up to and including 0.062 

% 

23 

0.062, 0.078, 0.093 

y% 

13 

0.109, 0.125, 0.140, 0.156 

Vn 

8 

0.140 and thicker 

He 

5+ 

0.375 and thicker, and for overlaying 

X 

3+ 

Used for overlaying 


are the most widely used for welding. The 3/16-in. and diam. 

electrodes are recommended for overlaying. 

Polarity. The high-nickel electrodes are used on reversed polarity 
only, i.e., electrode positive, work negative. 

Currents . Each diameter electrode has an optimum amperage range 
in which it has good arcing characteristics and outside of which the arc 
becomes unstable. The limits of satisfactory operation are given in 
Table M-17. 


TABLE M-17 


Recommended Current Ranges for Metal-Arc Welding Electrodes 


Electrode 

Diameter 

in. 

Current Range, amp. 

No* 130X Monel 

No. 131 Nickel 

No. 132 Inconel 

No. 134 
“K” Monel 

% 

25-40 

35-55 

30-45 


% 

45-60 

65-85 

45-60 

45-60 

Vs 

60-95 

80-110 

60-95 

60-95 

% 

80-150 

120-170 

100-135 

80-150 

He 

140-190 

160-210 

110-195 


M 

170-260 





Joint Design 

A summary of electric-arc welding data for Monel, nickel and 
Inconel is given in Table M-18. 

Beveling is not recommended for sheets of 0.140 in. or less in thick¬ 
ness; for 0.156-in. and thicker material, edges should be beveled to 
37 y 2 ° (75° total included angle) for vee joints, and to 15° for “U” and 
“J” grooves. In all cases, it is desirable to retain a lip of 1/16 in., or 
slightly more, at the base of the bevel. 
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To obtain uniform and accurate fits, beveling is done best by ma¬ 
chine, usually on a plate planer or other machine tool. Neither oxy- 
acetylene nor carbon-arc cutting is recommended, as the cuts made are 
poor and the area adjacent to the cut is oxidized badly. 

Surface Preparation for Welding 

Electrodes and oxy-acetylene welding wires and fluxes for nickel 
and nickel alloys have been developed for use on clean metal, such as 
standard cold-rolled sheet, pickled hot-rolled plate, or cold-drawn rod. 
To insure satisfactory welding of hot-rolled plate, hot-rolled bar stock, 
or material that has been hot worked otherwise in processing or fabri¬ 
cation, it is necessary, first, to remove the thin, darkly colored oxide 
film from the immediate vicinity of the area to be welded, either me¬ 
chanically by machining, sandblasting, grinding or rubbing with emery 
cloth, or chemically by pickling. A hot-rolled plate that has been 
machine beveled in preparation for a butt joint needs no further clean¬ 
ing, because a clean metallic surface is exposed on the face of the bevel; 
but for welding on the surface of a hot-rolled plate not previously 
cleaned, the oxide must be removed before welding, preferably by light 
grinding either with a disc, fine-grit, solid emery wheel, or rolled head 
wheel. Difficulty in the form of a wandering arc may be encountered 
if the oxide is not removed. The sand-cast surfaces of Monel, nickel or 
Inconel castings must be removed from the areas to be welded by either 
rough grinding or machining. 

Jigs and Clamps 

Proper jigging facilitates any welding operation greatly, particularly 
by minimizing buckling. This is true not only for non-ferrous alloys of 
high melting point but for steels as well. By jigging is meant the holding 
in position and alignment of the edges to be welded. 

Jigs for electric-arc welding are designed with a groove to permit 
penetration of weld metal. Grooves should be extremely shallow, 
usually 1/64-in. to 1/32-in. maximum depth, and 3/16-to %-in. wide. 
Square-cornered grooves should be avoided. Flat-surfaced steel or 
copper backing bars are not recommended for butt joints in 0.050-in. 
and thicker material, because of the possibility of trapping flux at the 
bottom of the weld. Backing bars for arc welding should be made of 
copper; hold-down bars may be either copper or steel. Typical jigs are 
shown in Fig. M-34. 
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( 6 ) 


Hose Under Air Pressure 



Fig. M-34 —Jigs used for electric arc-welding Monel, nickel and Inconel. 
Preheating 

In general, preheating is neither required nor recommended for arc 
welding wrought nickel and its alloys, but if the metal temperature 
should drop to 32°F. or lower, the joint should be preheated to 70°F. 
or over for 6 in. on each side of the welding groove. 

Simple castings of Monel, nickel or Inconel which are to be electric- 
arc welded to equipment, need not be preheated, but preheating to 200° 
to 300°F. is desirable for complicated castings. 

Electrode Position and Manipulation 

The best electrode position for downhand welding is at an incline 
of about 20° from the vertical and ahead of the puddle, as in Table M-18, 
column 10. This position is best suited for control of the molten flux 
and elimination of slag trapping. It is essential that a short arc be 
maintained. 

For overhead welding, the only change necessary is a slightly further 
shortening of the arc and lowering of the current strength by 5 to 15 
amp. The weld metal does not spread as in welding steel, but must be 
placed where required, which makes it necessary to weave the electrode 
slightly. 

The instructions for overhead welding apply to vertical welding also, 
except that the current must be lowered 10 to 20 amp. from the normal 
flat welding heat. For metal 0.062-in. and 0.078-in. thick, welding 
should be started at the top and progressed straight downward. On 
metal thicker than 0.078 in., welding can be carried on from either the 
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bottom upward or the top downward. The electrode should be held 
approximately at right angles to the plate being welded. 

A straight drag, or string bead laid down without weaving is used 
for single-bead work, or in close quarters on thicker sections, as in the 
bottom of a deep groove. Weaving, if necessary or desirable, can be used. 
Bead widths range from in. to 5/16 in. Wider, and usually flatter, 
beads are obtained by weaving and range from in. to a maximum of 
H in. In general, wider beads should not be used even for overlaying 
as this requires excessive puddling of the pool of molten metal. 

A 24- to 27-volt arc, usually referred to as a “short” arc, should be 
maintained during welding. Arc-blow is not encountered and there will 
be no spatter with the high-nickel materials, unless excessive amperages 
or too long an arc is being used. 

Heat Effect of Welding 

There is no detrimental effect on the parent metal from the heat of 
arc welding. The only possible effect is a very slight grain enlargement 
in a very narrow band at the edge of the weld, referred to as the heat- 
affected zone. Strength and ductility of the parent metal are not altered 
noticeably. 



Weld Metal Parent Metal 


Fig. M-35 — Photomicrograph (100X) of Monel electric-arc weld showing 
parent metal in right third, weld metal in left two-thirds and fusion zone 
between parent and weld metal. 
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Figs. M-35 to M-37 show typical microstructures of electric-arc 
welds made in Monel, nickel and Inconel. 

Weld Metal Parent Metal 


Fig. M-36 —Photomicrograph (100*) of nickel electric-arc weld showing 
parent metal in right third, weld metal in left two-thirds and fusion zone 
between parent and weld metal. 

Weld Metal Parent Metal 


Fig. M-37 —Photomicrograph (100X) of Inconel electric-arc weld showing 
parent metal in right third, weld metal in left two-thirds and fusion zone 
between parent and weld metal. 
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Cleaning Welds 

The flux is removed easily from welds with hand tools, or with a 
hand or powered wire brush. When making multiple-pass welds, it is 
very important that all flux or slag be removed before laying down each 
succeeding bead. 

Oxy-Acetylene Welding 

Oxy-acetylene welding is being applied to the fabrication of all 
types of equipment in the many fields in which the high-nickel materials 
are used. Good welding is accomplished with it in flat, vertical or over¬ 
head positions. As has been stated previously, its selection over arc 
welding is determined by factors of design and thickness of material. 

Mechanical Properties of Welds 

Tensile properties of oxy-acetylene welded joints in Monel, nickel 
and Inconel are listed in Table M-19. 


TABLE M-19 

Tensile Properties of Oxy-Acetylene Welded Joints 


Material 

Tensile Strength, min. 
psi. 

Nickel. 

60,000 

65,000 

75,000 

Monel. 

Inconel. 


Welding Wire 


The available welding wires, listed in Table M-14, page 65, are of 
practically the same composition as the alloy being welded. This is 
necessary to insure uniform corrosion resistance without galvanic effects. 
Wires are furnished in standard lengths of 36 in. and in the sizes listed 
in Table M-20. 

TABLE M-20 


Gas-Welding Wire Diameter vs. Sheet Thickness 


Diam. of Wire 
in. 

Sheet Thickness”on which 
Welding Wire is Used 
in. 

Welded Seam per Lb. 
of Welding Wire 
ft. 

He. 

0.031 to 0.062 

0.062 to 0.109 

0.109 to 0.140 

0.140 to 0.187 

0.187 and up 

85 

42 

21 

12 

% . 

y 8 . 

. 

He . 
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Flame 

A slightly reducing (carburizing) flame is recommended with a slight 
excess of acetylene. A soft flame is preferable to the harsh or wild flame 
that results if too small a tip is used. 

Fluxes—Application and Removal 

Fluxes, which are listed in Table M-14, are required for gas welding 
Monel and Inconel except with the No. 43 Silicon-Monel Gas-Welding 
Wire. Nickel does not require a flux. 

Borax is not recommended as a flux. 

The flux protects the metal from oxidation or dissolves oxide and 
improves the fluidity of the molten metal. Flux is used preferably as 
a thin paste, made by mixing the dry flux with alcohol or dissolving it 
slowly in very hot or boiling water in the case of Monel, and with a thin 
orange shellac-alcohol solution (in the ratio of 1:6) for Inconel. The 
flux is applied with a small brush or acid swab, on both sides of the 
seam, top and bottom, and on the welding rod also. This method is 
used most widely and satisfactorily on sheet and tube from 0.021-in. 
thick up to a maximum of about or 5/32-in. thick. The gas 

welding of Monel rod and bar stock is done preferably with the No. 43 
Silicon-Monel Gas-Welding Wire which requires no flux. 

The recommended fluxes are not corrosive and need not be removed 
after welding on that account. However, it is usual to remove them 
as a matter of cleanliness. This is done easily for Monel by dissolving 
the spent flux in warm water, and for Inconel either by sand blasting 
or by immersion in 50 per cent (by weight) nitric acid solution for 5 
to 10 min. at room temperature, followed by a water rinse. 

Joint Design 

Corner welds and lap joints may be used where high stresses are not 
encountered. In such equipment as pressure vessels, butt joints are 
preferred for gas welding since stresses act axially rather than eccen¬ 
trically as in lap joints. 

For butt joints in material of 0.050-in. to 5/32-in. thick, beveling is 
not required. For vee butt joints in thicker metal, the sheet and plate 
edges should be beveled to an angle of 37J4° to form a welding groove 
of 75°. 
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For sheet 0.043 in. and lighter, both butt and corner edge welds 
are used, as in Figs. M-38d and M-38e. Corner welds, as in Fig. M-38c 
can be made by oxy-acetylene welding in thicknesses of 0.037 in. and 
heavier. 

Tube joints are made preferably by oxy-acetylene welding, since a 
great deal of position welding of thin-walled (0.049 in. to 0.125 in.) and 
small diameter (J4 in. to 5 in.) tubing is involved. Welding procedures 
for tubing are given on pages 90 and 91. 


Surface Preparation for Welding 

This procedure is identical with that described for electric-arc weld¬ 
ing. 




Fig. M-38 —Jigs used for oxy-acetylene welding Monel, nickel and Inconel. 
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Jigs and Clamps 

Typical jigs for gas welding are illustrated in Fig. M-38. 

In designing jigs, it is necessary to provide either a groove under¬ 
neath the joint, as in Figs. M-38b, M-38c or M-38d, or to have an 
open jig as in Fig. M-38a, or M-38e. The groove serves as a mold for 
weld metal and thus provides for uniform penetration. Steel or cast 
iron jigs are used most widely for gas welding. 

Welding Technique 

Usually the same size tip, or one size larger than that recommended 
by the torch manufacturers for similar thickness of steel, may be used. 

During welding, the end of the welding rod should be kept always 
well within the protecting flame envelope; this prevents oxidation of 
the hot rod. The tip of the luminous cone should contact the surface 
of the pool of molten metal to obtain a concentrated heat and to pre¬ 
vent oxidation. Gas welding goes along easily; Monel flows freely from 
the filler rod into the joint, nickel a little sluggishly, and Inconel neither 
sluggishly nor very fluidly. 

The appearance of properly made gas welds in nickel and nickel 
alloys is quite similar to that of good gas welds in steel. There is no 
porosity. The surface is smooth, neither rough nor burnt, and the 
ripples are clearly distinguishable. In Monel, the ripples are spaced the 
same as in steel; in nickel and Inconel, the spacing is greater. Gas 
welds in Monel, nickel or Inconel, either in the as-welded or ground 
and polished conditions, are free from porosity. 

For the best results on high-nickel materials, puddling should be 
avoided; the molten pool should be kept quiet, with the tip of the 
luminous flame just touching its surface. Puddling burns out the 
deoxidizing elements, which are important ingredients of the high-nickel 
materials, and will result in brittle and “gassy” welds. 

Heat Effect of Welding 

As with electric-arc welding, there is no detrimental effect on the 
parent metal from the heat of gas welding. 

Resistance Welding 

Spot, seam and flash welding, all included under the term resistance 
welding, are applicable to the joining of Monel, “K” Monel, nickel, “Z” 
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Nickel and Inconel. Typical examples of resistance-welded parts are: 
spot-welded Monel commercial laundry machines, seam-welded Monel 
hot-water boilers, flash-welded Monel chains and spot-welded nickel 
internal parts of radio tubes. 

The fundamental principles of the resistance welding of plain carbon 
steel apply also to the joining of the high-nickel materials, with some 
slight modifications necessitated by their individual characteristics. 
Builders of resistance-welding equipment should be consulted regard¬ 
ing electrical requirements for specific applications. 

The melting points of all five materials are of the same order, but 
differences in electrical resistivity and thermal conductivity are quite 
large. The heat for welding Monel and Inconel is obtained easily be¬ 
cause of their higher electrical resistance and, since their thermal con¬ 
ductivity is correspondingly somewhat low, the dissipation of heat from 
the joint is restricted. Nickel, which has about the same electrical re¬ 
sistivity and thermal conductivity as mild steel, is spot welded quite 
satisfactorily also. 

Spot and Seam Welding 

Monel, “K” Monel, nickel, “Z” Nickel and Inconel can be joined 
by spot and seam welding, not only to themselves and to each other, 
but also to various other materials including the following. 

Brasses 

Bronzes 

Cupro-nickels (70 Cu—30 Ni and 80 Cu—20 Ni) 

Nickel silvers 
Steel 

Stainless steels. 

The following variables require attention. 

Pressure 

Current 

Time 

Electrode material 

Size and shape of the electrode. 

The pressure exerted by the electrodes must be great enough to 
maintain good metal-to-metal contact between the sheets, but not 
enough to cause excessive distortion. While pressure is maintained, a 
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relatively high current at low voltage passes for an accurately con¬ 
trolled period of time. Optimum welding conditions produce joints with 
a nugget or fused weld of from 50 to 80 per cent of the thickness of the 
joint where the thicknesses of the two sheets are equal, and of about 
the thickness of the thinner of two sheets of unequal thicknesses. 

Mechanical properties of spot welds made in 0.062-in. nickel, Monel 
and Inconel sheet are summarized in Table M-21. 


TABLE M-21 


Spot Welds Made on 0.062-In. Sheet 


Material 

Tip Size 
diam., in. 

Electrode 

Pressure 

psi. 

Firing 

Time 

cycles 

Current 

amp. 

Strength 
per Spot 
lb. 

Monel. 


40,000 

12 

20,800 

3,935 

X 

40,000 

12 

15,300 

3,215 


Ht 

40,000 

12 

10,500 

2,460 

Nickel. 

% 

35,000 

6 

29,000 

3,190 

X 

35,000 

6 

21,600 

2,855 


% 

40,000 

6 

14,650 

2,250 

Inconel. 

% 

40,000 

12 

12,000 

4,340 

X 

40,000 

20 

6,100 

3,665 


X 

50,000 

12 

9,300 

3,380 


In “setting” a spot-welding machine in which pressure has been ad¬ 
justed, the current should be increased for succeeding welds until 
“spitting,” or expulsion of metal, occurs, and then decreased to a 
point where spitting no longer occurs. The spot-weld strength is then 
near the optimum. Excessive current may fuse the exterior surface of 
the sheet and insufficient current may only “stick” the sheets together. 

Accurate control of the firing time is essential to the production of 
uniform welds. Thyratron, Ignitron and smaller vacuum tube timers 
serve the purpose well. 

Water-cooled, copper-alloy electrodes, that are harder than ordinary 
copper and have less tendency to mushroom under continuous service, 
such as Mallory No. 3 or 22 9 , are recommended. 

Flat tips are used in preference to dome tips. Tip diameters suit¬ 
able for the high-nickel materials range from y&- in. for 0.025-in. sheet, 
/4-in. to % 6 -in. for material 0.062-in. thick, to ^-in. to y 2 -in. for 

• Product of P. R. Mallory Co., Indianapolis, Ind. 
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0.125-in. sheet. Some slight indentation may be produced which may 
not be objectionable. On finished surfaces, where depressions would be 
unsightly, a polished, flat, copper electrode, about 2-in. square, %-in. to 
j4-in. thick, should be used against the side of the joint that is to be 
finished. 

Visual examination of the surface of a spot or seam weld usually will 
not disclose the quality of the weld. Therefore, twist tests (rotational 
shear) and “peel” tests of a single spot weld, or “can opener” (peel) 
tests for seam welds, are employed generally for initial machine settings 
and for check tests. 

In the twist test, spot welds should twist 70° or more. The struc¬ 
ture of the seam weld is revealed in the can opener test. Nuggets 
should be pulled out in both spot and seam welds in the peel tests. 
Large grain structures are indicative of too high heats or excessively 
long current dwells. 

Additional data are given in another publication. 10 
Flash Welding 

Butt joints are made by flash welding, whereas only lap seams are 
practicable with spot and seam welding. Because of the slow flow of 
heat from the burn-off in flash welding, it is necessary to flash off 
about 25 per cent more Monel than steel. 

Energy input is necessarily considerably greater for Monel than for 
steel. If the flash weld is to be finished roughly, the Monel “push-up” 
will be the same as for steel, but if the flash weld is to be ground and 
finished, and the joint is to be free from porosity, about 50 per cent 
more push-up is required. It is essential that the push-up be made 
immediately the current is interrupted to make use of the maximum 
amount of hot metal for the weld. If the current remains on during 
the push-up, pin holes may result. 

It is necessary that Monel be trimmed to leave a very uniform gap 
between the two sheets as they make contact when welding begins. 
If this gap is not uniform, the parts that are close together develop more 
heat and possibly burn when flashing, while the parts that are far 
apart will not get enough heat to weld during the push-up. 

The dies used for clamping Monel for flash welding should be 
spotted accurately and must fit as snugly as possible to keep the material 

10 The Spot Welding of Nickel, Monel and Inconel. Wendell F. Hess and Albert Muller. The 
Welding Journal 20, 4l7«*26i (1941). 
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from slipping or arcing during the push-up. The close fitting of the 
dies also holds the two pieces of Monel tightly so that one will not 
overlap the other during burning-off and pushing-up. 

In flash welding thin sheets of Monel, it is necessary that they be 
protected from atmospheric oxygen the same as in other processes of 
welding. A very satisfactory procedure is to sprinkle borax on the top 
surfaces to be joined and to have a hydrogen flame playing on the 
under side. 

Additional data are given in another publication. 11 

Silver Brazing 

Silver brazing is the term now used instead of the older names, 
‘‘silver soldering,” and “hard soldering.” It is defined as “a brazing 
process wherein a silver alloy is used as a filler metal.” 

Mechanical Properties 

The strength and the corrosion resistance of properly designed and 
executed silver-brazed joints are greater than those of soft-soldered 
joints. The strength of a properly made silver-brazed joint should 
be approximately 50,000 psi. in tension and 30,000 psi. in shear, at 
room temperature. These values can be used in design calculations, 
with a factor of safety of 5. The maximum temperature to which silver- 
brazed joints can be expected to carry an appreciable load is 600°F. 
and at that temperature their tensile strength is only about 50 per cent 
of the value at room temperature. 

Brazing Alloy and Flux 

Silver-brazing alloys flowing at less than 1400°F. are best for join¬ 
ing high-nickel materials. These are essential for Monel which is 
subject to intergranular attack by molten brazing alloys and failure, if 
under even low stress at temperatures of 1400°F. or higher. Monel is 
not subject to attack when temperatures below 1400°F. are maintained 
during brazing operations. A suitable composition is Handy and Har¬ 
man’s “Easy-Flo” (50 per cent silver, 15.5 per cent copper, 16.5 per 
cent zinc and 18 per cent cadmium) which melts at 1160°F. and flows 
at 1175°F. The same producer’s less frequently used Grade RT com¬ 
position (60 per cent silver, 25 per cent copper and 15 per cent zinc). 

”, Th e Flash Welding of Nickel and High-Nickel Alloy Rod. Wendell F. Hess and Albert Muller. 
The Welding Journal 22, 532 s -44 s (1943). 
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which melts at 1260°F. and flows at 1325°F. fulfills the requirements of 
special cases calling for the higher silver content. “Handy Flux” is used 
with both brazing alloys. Borax and boric acid fluxes are not useful for 
silver brazing because they are not fluid at the temperature levels 
recommended and hence are not protective. 

Wires of various diameters are used for hand feeding. Thin sheet or 
strip cut to shape may be used for preplacing the brazing alloy in some 
forms of joint. 

Joint Design 

Shear-(lap-) type joints are used more widely than butt joints be¬ 
cause of the ease of maintaining better fits and the facility wherewith 
adequate strength can be obtained merely by extending the lap-shear 
area. Butt joints can be used but require very careful alignment of 
parts to obtain uniform clearances. Some examples of brazed lap joints 
are: cross-wire silver brazing; corner joints in thin containers of 
folded sheet metal; the attachment of spuds to tanks; and joining tubes 
to fittings and to tube sheets. Typical joints are shown in Fig. M-39. 

Brazing Procedures 

Cleaning. All foreign material must be removed from the parts be¬ 
fore assembly. Any dark-colored oxide layer resulting from heating, as 
in annealing, must be removed either mechanically, with emery cloth or 
by light, fine grinding, or chemically by pickling. 

Flux usually is mixed to a thin paste with water and applied by 
brushing a thin film over the surfaces to be joined. The flux prevents 
oxidation during heating, dissolves oxides formed during brazing, and 
assists in “flowing-out” the brazing alloy. 

Heating. The usual methods of heating the parts to be silver brazed 
are: (1) by a manually manipulated gas flame, such as oxy-acetylene or 
oxy-city gas, (2) in an electric furnace, (3) by incandescent carbon, 
(4) by electric induction, and (5) by chemical (salt) bath. In gas 
brazing, a neutral or slightly reducing flame is used and the parts are 
heated thoroughly to flow out the brazing alloy. 

Heat Effect of Brazing 

Since the temperatures required for joining with silver brazing 
alloys are well below those for annealing Monel, nickel and Inconel, 
the softening effect of brazing is very slight. Age-hardened “K” Monel 
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Heated with Two Tip Torch - Silver 
Solder Strip ( 3 /8"wide) Insert 


Not 



Recommended 
Wasteful of 
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1 . H 

Silver Alloy a 
Thin Film 

Butt Joint • Fair 

Lap 





SHEET 


TUBE AND FITTINGS 


Fig. M-39 —Joints used for silver brazing Monel, nickel and Inconel. 
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or “Z” Nickel parts are silver brazed with only a slight local soften¬ 
ing using Easy-Flo brazing alloy. Age-hardening of “K” Monel or 
“Z” Nickel may be carried out after silver brazing. 

Fig. M-40 shows a photomicrograph of a lap joint in Monel made 
with “Easy-Flo” brazing alloy. 





MONEL 


EASY-FLO 
BRAZING 
ALLOY JOINT 


MONEL 


Fig. M-40 —Photomicrograph (100X) of silver-brazed lap joint in Monel. 
Etched with 50 per cent nitric acid plus 50 per cent glacial acetic acid 


Sil-Fos, although an excellent brazing material for brass and cop¬ 
per, is not recommended for use on Monel, nickel or Inconel because 
of an embrittling effect of the phosphorus constituent. Phosphor- 
copper, which contains no silver, is unsuitable for the same reason. 


Cleaning Brazed Joints 

The spent flux, remaining after a joint has been silver brazed, is 
removed by dissolving it in hot or cold water. 

Soft Soldering 

Soft soldering as a means for joining the high-nickel materials is 
limited to those applications where the solder is not corroded readily. 
Soft solder is inherently weak, and dependence for strength must be 
placed usually on mechanical joints, such as riveted, lock-seamed or 
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spot-welded joints, with the soft solder acting only as a sealing medium. 
The process is limited usually to joints in sheet metal not more than 
0.062-in. thick because other processes yield stronger joints in these 
and heavier gauges. 

Mechanical Properties of Soldered Joints 

Compared with the strength of the sheet material, a soldered joint is 
weak. The results of strength tests of soft-soldered lap and lock-seamed 
joints in Monel, following normal roofing practise, are given in Table 
M-22. A 50-50 lead-tin solder was used both with a proprietary (pre¬ 
pared) flux ^nd with “cut acid.” 


TABLE M-22 

Tensile Strength of Soft-Soldered Joints in Monel Sheet of 
Roofing Quality—Sheet Edges Pretinned 


Joint 

.Flux 

Specimen 

Width 

in. 

Tensile Strength of Joint 
(av. of 3 or more tensile 
specimens) 
lb. 

34-in. lap. 

cut acid 

1 

1204 

34-in. lap. 

cut acid 

2 

2213 

34-in. lap. 

prepared flux 

1 

1253 

34-in. lap. 

prepared flux 

2 

2153 

J4-in. lap. 

cut acid 

1 

1377 

34-in. lap. 

cut acid 

2 

2650 

J4-in. lap. 

prepared flux 

1 

1443 

34-in. lap. 

prepared flux 

2 

2682 

54- in. lock seam*. 

cut acid 

1 

977 

54-in. lock seam*. 

cut acid 

2 

2363 


•Both surfaces of the two sheets comprising the joint were pretinned. 


The 18-in. long joints, made by an experienced mechanic following 
good shop practise, were sheared into 1-in. and 2-in. wide tensile 
specimens and tested. Failure of the lap seams occurred usually by 
rupture in tension of the parent metal, but in some cases by rupture in 
shear of the soldered joint. All lock seamed joints failed by tearing of 
the solder fillet. 

Solders 

The composition and melting point of soft solders commonly used 
on corrosion-resisting equipment are given in Table M-23. Of these, 
the 50-50 and the 60-40 tin-lead solders are used most widely. The trade 
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uses the 60-40 rather than the 63-37 (eutectic) composition. Pure tin is 
justified only where corrosion conditions demand its application. 


TABLE M-23 

Melting Point and Shear Strength of Commonly Used Soft Solders* 



Temperature, °F. 

Shear 

Material 

Complete 

Liquefaction 

Complete 

Solidification 

Strength 

psi. 

Pure tin. 

450 

450 

2865 

63-37 tin-lead. 

359 

359 

6230 

50-50 tin-lead. 

414 

359 

5740 

40-60 tin-lead. 

460 

359 

4975 



•International Tin Research and Development Council. 


Fluxes 

Only those soft-soldering fluxes known in the trade as “acid” fluxes 
are recommended for use with Monel, nickel or Inconel. Rosin is not 
suitable since its cleaning action is too mild. The proprietary or “cut 
acid” fluxes commonly used for copper are adequate for the soft 
soldering of Monel and nickel, but a somewhat stronger flux is required 
with Inconel because of its chromium oxide film. In general, proprietary 
soft-soldering fluxes are to be preferred. 

All traces of flux should be removed after the soldering operation 
has been completed. 

Joint Preparation 

Surfaces of metal parts to be soft soldered must be clean and free 
of any surface oxide or other discoloration. Foreign material, such as 
oil, grease or dirt, must be removed. Oxide or other tarnish can be 
removed mechanically with emery cloth or by light grinding, or chemi¬ 
cally by pickling. Wherever possible, the surfaces to be joined should 
be “pretinned” to insure complete bonding during the final soldering or 
“sweating-in” operation. “Pretinning” is done with the solder to be used 
for the joint and not necessarily with pure tin as the term would seem 
to indicate. With untinned edges the solder may not penetrate through¬ 
out the joint. 

The Soldering Operation 

The heat for soldering is supplied by a soldering “iron” (actually 
copper), a gas-air torch or an oxy-acetylene torch. Because the transfer 
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of heat through the high-nickel materials is slower than through copper, 
it is necessary to use either a hotter or a slightly larger soldering “iron” 
than that regularly used for similar work with copper sheets. 

Atomic-Hydrogen Welding 

With nickel and nickel alloys, the usefulness of atomic-hydrogen 
welding has been limited to the automatic production of welded Inconel 
and Monel tubing with wall thicknesses of about 0.018 in. to 0.050 in. 
A uniform penetration is obtained with a flat outer surface; no filler 
rod is added. The process offers no advantages over oxy-acetylene or 
metal-arc welding, or silver brazing, for routine fabrication of equip¬ 
ment. 

Bronze or Brass Brazing 

The usefulness of Tobin Bronze and other bronze welding rods for 
“brazing” nickel, Monel and Inconel is very limited because the corro¬ 
sion resistance of bronze joints frequently is not of the same order as 
that of the metals being joined. In general, bronze welding rods are 
useful only for the fastenings where corrosive media would not come in 
contact with the joint. 

Brazing is used in joining Monel or nickel-clad steel bottoms to 
copper varnish kettles. 

Carbon-Arc Welding 

Carbon-arc welding, used in the past with intermediate thicknesses 
(0.037-in. to 0.062-in.) of all three of the high-nickel materials, has 
disappeared, practically, from the field since the advent of the improved 
metal-arc welding electrodes now in use. 

Unionmelt Welding 

Monel and nickel have been welded successfully by the Unionmelt 
welding process using essentially the same procedures and speeds as are 
used with similar thicknesses of steel. Tests of joints 12 in both Monel 
and nickel have shown that satisfactory tensile strength, ductility and 
impact properties are obtained in the welded joint and also in the 
deposited metal. Tests of the fatigue strength of Unionmelt welds in 
both Monel and nickel plates have given high values comparable to the 
fatigue strength of the parent materials. 

12 By The Linde Air Products Company, New York, N. Y. 
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The average mechanical properties of test welds made in }4-in. plates 
in a single pass at a speed of 18 in. per min. for Monel, and at a 
slightly lower speed for nickel, are given in Table M-24. 

TABLE M-24 


Mechanical Properties of Unionmelt Welds in Vi-in. Plate 


Material 

Yield 
Strength 
(0.20% 
offset), psi. 

Tensile 

Strength 

psi. 

Elongation 
in 2 in. 
per cent 

Reduction 
of Area 
per cent 

Charpy 

Impact 

Strength 

ft-lb. 

Monel 

All weld-metal specimens. 

26,600 

62,400 

46.0 

59.0 

42 

Reduced transverse weld 
specimens. 

36,900 

70,300 

45.0 




Fatigue Strength (10,000,000 reversals at 6000 r.p.m. in Krouse test). .34,000 psi. 
Elongation in free bend.50 per cent 


Nickel 

All weld-metal specimens. 

16,800 

55,200 

33.0 

44.0 

56 

Reduced transverse weld 
specimens. 

28,000 

55,600 

21.0 




Fatigue Strength (10,000,000 reversals at 6000 r.p.m. in Krouse test). .29,500 psi. 
Elongation in free bend. . .45 per cent 


Furnace Brazing 

Furnace brazing involves usually the quantity production of like 
assemblies. The parts are assembled and held in place mechanically, 
with the brazing material, either a silver solder or copper, placed in 
position so that it will flow into the joints when the parts reach the 
brazing temperature in the furnace. The furnace may be of either the 
bell or the conveyor type, with reducing atmospheres used in both types. 
Heating should be done rapidly and uniformly. Furnace temperatures 
are maintained usually at 1250° to 1400°F. for silver-brazing alloys, 
and at 2000° to 2100°F. for copper brazing. 

Because of the readiness with which it alloys with nickel and nickel- 
copper alloys, copper does not penetrate into lap joints very satisfac¬ 
torily when it is introduced in the usual manner, that is, by placing a 
copper wire at the edge of the joint and having the molten copper flow 
through by capillary attraction on heating. A better procedure for the 
high-nickel materials is to introduce the copper as a thin plating or as a 
thin foil up to a few thousandths of an inch in thickness. On heating 
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the assembly with either the plated copper or the inserted foil, a uniform 
bonding is obtained over the full length of the joint. 

Flame Cutting 

Oxy-acetylene flame cutting is not recommended for Monel, nickel 
and Inconel because the results obtained are crude and unsatisfactory. 
Mechanical methods of cutting such as machining, shearing, punching 
and nibbling are recommended. 

Practical Welding Procedures 

Linings 

Linings 8 of corrosion-resisting metals and alloys can be applied not 
only to existing but also to new tanks and vessels of steel. Linings are 
applied also to new or existing wood or concrete tanks. Whether a new 
vessel is to be fabricated of clad steel plates, or of steel plates and lined 
with corrosion-resisting sheet metal, will be dictated by the economics 
of the situation and the heat-transfer requirements of the equipment.* 
If heat transfer through the vessel walls is important, uniformly-bonded 
nickel-, Monel-, or Inconel-clad steel plates should be used to avoid the 
insulating effect of the slight air space that occurs between a tank and a 
loose lining. 

Monel, nickel and Inconel in sheet form lend themselves to lining 
because they can be formed to vessel contours, punched for plug weld¬ 
ing, and welded to themselves or to the steel vessel by the electric-arc 
process, all with ease. 

Welding Tubing and Pipe 

Since piping for the transfer of liquids in chemical and process 
plants is subjected usually to moderate pressures only, thin-walled 
tubing (0.049-in. to 0.125-in. wall) rather than iron pipe size (IPS) 
pipe is employed. The most widely used sizes are J^-in. to 5-in. O.D. 

Oxy-acetylene welding is the preferred and most widely used method 
of joining, not only because of the thin walls and small diameters of 
most tubing, but also because usually a considerable amount of position 
welding must be done. Metal-arc welding is satisfactory for downhand 
welding, or where the work can be turned. 

For butt joints, the ends should be cut square on all tubing with 
wall thicknesses up to for thicker walls, as with IPS pipe, 

* Consult Section N. 
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beveling to a total included angle of 75° is recommended. A uniform 
spacing between tube ends of about half the'wall thickness, or slightly 
less, is desirable. Equally spaced tacks (two for J/ 2 -in. to 1-in. tubes, 
three for 2-in. tubes, and four for larger tubes up to 5-in. O.D.) will 
hold the joints in proper alignment. The tacked joint can then be 
oxy-acetylene welded following the instructions given on pages 75 to 78. 
Fittings for welded piping systems, such as return bends, elbows, 
flanges, etc., are available in cast, fabricated and seamless forms. Tubing 
is prepared for branch connections, such as tees, by machining, grinding, 
or filing, or by mechanical devices such as “Arc-Fit Dies.” 13 

Welding Nickel-clad, Monel-clad and Inconel-clad Steel 

Procedures for fabricating the clad steel plates are outlined on pages 
102 to 116. 

Long Butt Joints in 0.050-in. and Thicker Sheet 

Long butt joints in sheet 0.050-in. and thicker are welded regu¬ 
larly by the electric-arc process, with or without backing bars. By 
following a proper welding sequence, buckling is reduced to a minimum. 
The two sheets comprising the butt joint are spaced uniformly as shown 
in Fig. M-41, then they are tacked together with *4-in. long, flat tack 
welds every 3 to 4 in. along the entire length of the joint. High tacks 
should be ground approximately flush with the sheet with a small, light¬ 
weight grinder, and all flux should be removed from the tacks. In 
joining two polished sheets, the welding is done usually from the un¬ 
finished side of the sheets. The penetration side of the weld then is 
ground and polished. 

Electric welding should be begun at one end of a long joint, and a 
continuous weld deposited with one complete electrode, as in Fig. 
M-41a. An unwelded space of about 3 ft. should be left, then another 
length of weld laid down, again using a complete electrode. This 
process should be repeated for the full length of the joint; it limits un¬ 
desirable warpage by preventing the accumulation of excessive heat in 
any one region. The unwelded spaces left after the first traverse of the 
seam are then welded by making weld No. 4 by starting at the end of 
weld No. 1 and repeating the above procedure. 

An alternate method of reducing buckling calls for the use of back- 
step welding, illustrated in Fig. M-41b. The weld is started approximate- 

13 Manufactured by Dreis and Krump, Chicago, Ill. 
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Fig. M-41 —Procedure to minimize buckling when electric-arc welding Monel, 
nickel and Inconel. 


ly a foot from one end of the seam and a complete electrode is deposited 
by welding to that end, as in (1) of Fig. M-41b. A second increment is 
deposited by beginning about two feet from the joint end, and laying 
down a weld to the start of the first weld. Subsequent weld increments 
are deposited in like manner. 

Joining Dissimilar Metals 

Soft soldering, silver brazing and welding can be used for joining 
dissimilar metals. The process selected depends on the conditions to be 
encountered in service. If a material can be soft soldered or silver 
brazed readily, then, other things being equal, it can be joined to Monel, 
nickel or Inconel by these methods. 
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Welding is used widely for joining Monel, nickel or Inconel to other 
materials. The most frequently used combinations are Monel-to-steel 
and the welding of nickel-to-steel in certain types of nickel-clad steel 
fabrication. For both types of joint, No. 130X Monel Welding Electrode 
should be used. 

In electric welding dissimilar metals, it is essential that penetration 
be kept to a minimum. Therefore, excessive welding currents and 
puddling must be avoided. 

Combinations that have been welded or brazed successfully are 
listed in Table M-25, page 95. 

Joining "K" Monel 

“K” Monel can be welded by either the oxy-acetylene or the metal- 
arc process using the rods mentioned below. After age-hardening, the 
properties of the weld, naturally, are not as high as those of the parent 
metal, since the welded joint is not subjected to cold work. Like the 
parent metal, however, the weld is non-magnetic. 

Silver brazing may be used in joining “K” Monel, and assemblies so 
made are amenable to age-hardening. A “special Handy Flux* for “K” 
Monel” is required to dissolve slight amounts of aluminum oxide on the 
surface. “Easy-Flo Brazing Alloy”* is recommended for joining “K” 
Monel. Soft soldering also is practical but rarely used. A soft-soldered 
joint obviously could not be age-hardened, so that if hardening is re¬ 
quired it must be carried out before the soft soldering is done. Any 
visible oxide film on the age-hardened parts should be removed mechan¬ 
ically or chemically before soldering. 

In general, the instructions recommended for joining Monel are to 
be followed, with the exceptions noted in the paragraphs that follow. 

Detailed information on the properties of “K” Monel is given in an¬ 
other publication. 14 

Metal-Arc Welding. The same joint designs and welding procedures 
used for Monel are applicable to “K” Monel. No. 134 “K” Monel Weld¬ 
ing Electrode, available in Ys-in. and 5 / 32 -in. diam. should be 

used. Weld metal deposited with this shielded-arc electrode in “K” 
Monel plate can be hardened, and is sound and non-magnetic. 

* Products of Handy & Harman, New York, N. Y. 

14 "Engineering Properties of "K” Monel." Technical Bulletin T-9. November 1939. The In¬ 
ternational Nickel Company, Inc., New York, N. Y. 
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Tensile tests of joints, in the as-welded and age-hardened conditions 
in /g-in., /4-in. and y 3 - in., soft “K” Monel plate welded with No. 134 
“K” Monel electrodes, have been given in Table M-15. 

Similar welds made with No. 130X Monel electrodes were equally 
sound but gave only a slight increase in strength and hardness follow¬ 
ing the age-hardening treatment. 

Oxy-Acetylene Welding— The oxy-acetylene flame should be strong¬ 
ly reducing. 6 

A flux, to protect the molten weld metal from oxidation, must be 
used as a thin paste painted on the top and the underside of the joint 
to be welded, and on the “K” Monel filler rod. A suitable flux for gas 

be made b y addin 8 one part Lithium fluoride and 2 parts 
gas-welding flux. It is prepared for use by mixing with water 
or a 4-1 alcohol-shellac solution to a thin paste. 

No. 44 “K” Monel Gas-Welding Wire, available in % 6 -in., % 2 -in., 
/s-m., / 32 -m. and % 6 -in. diam. should be used as filler material. 

Gas welds as laid down have about the same hardness as cast “K’ : 
Monel, approximately zero Rockwell C, but are amenable to the usual 
age-hardening treatment for wrought “K” Monel by which hardness 
levels of the order of 20 to 30 Rockwell C can be obtained 


Joining "Z" Nickel 

“Z” Nickel can be welded by the electric-arc and oxy-acetylene 
processes, silver brazed and soft soldered with the same facility as nickel, 
boft-soldered joints are used rarely because, as for “K” Monel, it is not 
possible to age-harden the assembly without melting the solder. Previ¬ 
ously age-hardened material can be soft soldered. Welded or silver-brazed 
lornts m “Z” Nickel can be age-hardened, but the welds, which are made 
with nickel welding wires, will not respond to thermal treatment. The 
joints however, are ductile and strong. It is practical to silver braze “Z” 

Nickel after age-hardening with very minor effect on the hardness of the 
parent metal. 

.^ h< ' P rocedures set fortl1 for joining nickel are recommended for “Z” 
Nickel also. 


Carbon yi s n teef° nel ° n CaSt Iron ' Cast Steel and 

Overlaying with, or the deposition of, a layer of Monel or nickel on 
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cast iron, cast steel and carbon steel plate is accomplished readily by 
metal-arc welding. Although overlaying on Monel and nickel is done 
largely with an electric arc, the oxy-acetylene method can be used also. 
The instructions regarding polarity, arc length and electrode position 
given for electric welding of Monel and nickel should be followed with 
the addition of those given below. 

Cast Iron. Overlaying Monel on cast iron is done with No. 130X 
Monel electrodes at current strengths of 60 to 75 amp. for *4-in. and 
90 to 100 amp. for % 2 "i n - electrodes. These are the two sizes recom¬ 
mended for single layer coverage to obtain minimum iron dilution. 
Larger electrodes, %£-in. and %-in. diam., can be used for following 
layers in building up thick overlays. Current strengths appropriate for 
the size should be used for the heavier electrodes. Nickel overlays are 
made at 85 to 90 amp. for }4-in. and 130 to 145 amp. for % 2 -i n * No. 
131 nickel electrodes. As for Monel, second and succeeding layers of 
thick overlays can be made with % 6 -in. or %-in. electrodes, using cur¬ 
rent strengths appropriate for the size in each case. 

The first layer of weld metal should be deposited in a series of nar¬ 
row beads, to avoid excessive penetration. Should a second layer be 
required, the electrode should be “weaved” slightly (% in. to in.) 
to obtain a flatter deposit %-in. to % 6 -in. wide. The narrow beads 
forming the first layer should be laid down in approximately 4-in. 
lengths, then peened lightly immediately after breaking the arc. The 
second layer can be deposited in 4-in. to 6-in. lengths, and should be 
peened also. 

Preheating to 500° to 700°F. is beneficial when the overlaying is 
to be done on castings of thin cross section (J4 in. or less). On heavier 
castings also, preheating is beneficial though not essential and when 
possible such castings should be preheated. When preheating is imprac¬ 
tical, large castings should be permitted to cool to 140° to 150°F. after 
each welding pass. 

Cast Steel. For overlaying steel with Monel or nickel the same 
electrode sizes and current strengths should be used as are given in the 
preceding paragraphs for cast iron. The weld should be laid down with 
a slight weave; it requires no peening, but the casting should be kept 
reasonably cool to avoid distortion. 
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Wrought Carbon {Mild) Steel . No. 130X Monel and No. 131 
nickel welding electrodes are used for overlaying plain carbon steels. 
Correct current values are those normal for welding solid Monel or 
nickel sheets and plates of the same thicknesses as the steel. 

The first layer should be deposited, using %-in. or % 2 -in. elec¬ 
trodes, with either a slight or no weave to avoid excessive solution of 
steel into the weld deposit. A wide weave would increase the dilution 
of the bead with iron, and should be avoided. 

When more than one layer is necessary to obtain the desired thick¬ 
ness of deposit, the succeeding layers may be laid down with a weave 
to produce beads up to J4-in. wide. Heavier electrodes, % 6 -in. or /4-in. 
diam. may be used for the second and succeeding layers. 

Monel overlays on cast iron, cast steel or wrought plain carbon 
steel, deposited with the No. 130X Monel electrode, have hardness 
values of 150 to 160 Brinell (3000 kg.). Nickel overlays on plain carbon 
steel deposited with the No. 131 nickel electrode have hardness values 
of 140 to 150 Brinell (3000 kg.) for single layers and about 125 Brinell 
for two or more layers. 

Hard-Surfacing Overlay on Monel "K" Monel, Nickel and Inconel 

A number of abrasion-resistant, hard-surfacing alloys can be ap¬ 
plied readily to Monel, nickel, Inconel and “K” Monel with the aid of 
the oxy-acetylene welding torch. Colmonoy No. 4 and No. 6 15 , and Stel¬ 
lite No. 6 16 are materials that have been used for hard-surface overlays. 
Stellite No. 6 is not recommended for use on “K” Monel because the 
hardness of the deposit is lowered by dilution with that alloy to a level 
of about 35 Rockwell C, which offers no advantage over age-hardened 
“K” Monel. 

Colmonoy No. 4 and No. 6 are alloys composed of complex mixtures 
of very hard chromium-boride crystals in a matrix of pure nickel. Melt¬ 
ing points of the alloys are very close to 1865°F. Varying hardnesses 
are obtained by controlling the proportions of boride crystals and nickel. 
The No. 6 composition contains approximately 69 per cent nickel, bal¬ 
ance crystals, and has a hardness, as deposited, of 45 to 55 Rockwell C. 
The No. 4 composition contains approximately 80 per cent nickel, bal¬ 
ance crystals, and has a hardness range, as deposited, of 35 to 40 Rock- 

18 Products of Wall-Colmonoy, Inc., Detroit, Mich. 

16 Product of Haynes-Stellite Co., Kokomo, Ind. 
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well C. The high-nickel contents of the Colmonoy hard-surfacing mate¬ 
rials makes them very useful for resistance to abrasion in corrosive en¬ 
vironments. 

Stellite No. 6 is a cobalt-chromium-tungsten alloy which melts at 
2327°F. It has good gas-welding properties and is the toughest and 
strongest of the available Stellite hard-surfacing compositions. The hard¬ 
ness of overlays made with it on nickel and the high-nickel alloys, other 
than “K” Monel, is about 48 Rockwell C, which is retained in large 
degree at temperatures up to red heat. 

The Colmonoy alloys and Stellite can be applied readily to Monel 
and nickel without the use of flux, but with Inconel and “K” Monel a 
flux active at 1800° to 2000°F. is required. Such a flux is a proprietary 
composition called Anti-Borax No. 2 17 . 

When applying Colmonoy and Stellite, the base metal temperatures 
should be only slightly above the melting point of the hard-surfacing 
material to avoid boiling and formation of holes in the hard-surfaced 
overlay. 

Welding of Castings 

Monel, nickel and Inconel castings, made in the foundry of The In¬ 
ternational Nickel Company, Inc., Bayonne, N. J., can be joined either 
to themselves or to wrought forms of these materials by oxy-acetylene 
or electric-arc welding or by silver brazing. The sand-cast surfaces must 
be removed from the areas to be joined, either by rough grinding or 
machining. The welding and brazing procedures used for the wrought 
forms can be applied without change to castings and will produce pres¬ 
sure tight joints. 

The high silicon casting alloys—“H”* Monel and “S” Monel—are 
quite hard, and possess good non-galling characteristics. Minor sur¬ 
face defects can be repaired by following the welding instructions given 
for Monel. Joining of “H” Monel or “S” Monel castings by welding is 
not recommended because of a definite tendency toward cracking of 
the castings. Only mechanical joints should be used in these materials. 

Cleaning for Maintenance Welding 

Before doing any repair or maintenance welding on Monel, nickel, 
Inconel or clad steel plate that has been in service, it is necessary to 

17 Product of Anti-Borax Compound Co., Inc., Fort Wayne, Ind. 

* Reg. U. S. Pat. Off. 
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remove products of corrosion, and any other foreign material, from the 
vicinity of the area to be welded. Great care should be taken to get 
down to clean, bright, parent metal over an area extending 2 to 3 in. 
from the site of welding and on both sides of the sheet or tube. The 
corrosion products might have an embrittling effect on the high-nickel 
material at welding temperatures. Cleaning mechanically, by grinding 
with either a fine wheel or a disc grinder, or chemically, by pickling, is 
recommended. After cleaning, the welding procedures outlined pre¬ 
viously for new metal should be followed in every detail. 

Flash-pickling solutions are effective for cleaning Monel, “K” Monel, 
nickel, “Z” Nickel and Inconel surfaces. These may be applied with 
long-handled swabs or brushes where equipment is large, or may be held 
in glass or stoneware crocks for pieces that are easily handled such as, 
for instance, in cleaning the ends of nickel caustic evaporator tubes 
that have been removed from evaporator service and are to be used for 
pipe lines. The tubes can be dipped vertically and cleaned for a mini¬ 
mum distance of 3 in. from the end. Recommended pickling solutions 
and procedures are given later in this Section, pages 158 and 159. Work¬ 
men handling acid pickling solutions should be protected by goggles 
and rubber aprons, boots and gloves. 

Thermal Treatment of Welded Vessels 

Since the corrosion resistance of Monel, nickel and Inconel is in¬ 
herent, heat treatment after welding is not necessary for the restoration 
of corrosion-resisting properties. The annealing of welded vessels of 
Monel, nickel and Inconel for relief of stress set up because of the weld¬ 
ing operation may be called for in special instances but in general it is 
not recommended. This is because these materials are highly ductile 
in both plate and weld metal and, in the range of plate thicknesses under 
y. in. normally encountered in vessel construction, do not require an 
annealing treatment for the accommodation of welding stresses. There 
is a considerable body of opinion that even for steels, welded vessels 
up to about Y\ in. in thickness do not require a stress-relief anneal. In 
steel vessels 24 in- or more in thickness, it is held rather generally that 
stress-relief is necessary from the standpoint of safety. 

When a stress-relief anneal is specified to fulfill a Code require¬ 
ment, the time and temperature recommended are those used for steel 
vessels, namely, 1100° to 1200°F. for one hr. per in. of thickness. Code 
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requirements should be followed in other details also, and particular 
care should be given to supporting the vessel in all directions so that 
it will not be distorted during heating. 

Grinding and Finishing Welded Joints 

Monel, nickel and Inconel welds that are not to be used in the as- 
welded condition can be rough ground and finished easily. Usually, 
finishing is necessary in the case of food-handling and other processing 
equipment in which smooth, sanitary surfaces are required. 

More detailed information on polishing, buffing, developing special 
finishes, and blended in welded areas with mill finishes is given on 
pages 131 to 133 of this Section and in another publication. 18 

Inspection 

X-Ray Examination. Exographs of properly welded joints, by either 
the electric-arc or the oxy-acetylene process, in Monel, nickel or In¬ 
conel, and by the Unionmelt Process in Monel or nickel, are acceptable 
according to the standards set for steel by the A.S.M.E. Code for Un¬ 
fired Pressure Vessels. 

Etching Solutions for Welds. Polished sections of welded joints can 
be etched readily to disclose the weld and parent metal structures by 
immersion for 5 to 10 sec. in the following etchants: (a) for Monel, a 
cold solution of equal volumes of water and concentrated nitric acid; 
(b) for nickel, cold concentrated nitric acid; and (c) for Inconel, warm 
aqua regia after first warming the specimen in hot water. If the Inconel 
weld does not etch readily, a small amount of cupric chloride may be 
added. 

Deposited weld metal usually is etched more rapidly than wrought 
metal and great care must be exercised when the structures of both the 
weld and parent metal are to be developed in the same etching for ex¬ 
amination at the higher magnifications. It may be preferable to etch 
lightly and examine the weld metal and then re-etch to examine the 
parent metal. However, with care the structure of the parent metal can 
be revealed in most cases without greatly overetching the weld metal. 
Further details have been given in Section L. 

18 Grinding, Polishing and Buffing Monel, Nickel and Inconel. Technical Bulletin TS-5. April, 
1938. The International Nickel Company, Inc., New York, N. Y. 
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FABRICATING 

NICKEL-, MONEL- AND INCONEL-CLAD STEEL PLATE 

Clad plate is steel plate, usually “flange quality,” protected on one 
or both sides by a dense, homogeneous layer of nickel, Monel or In¬ 
conel. The cladding possesses the same chemical and mechanical prop¬ 
erties as the materials in the form of hot-rolled sheet. It is bonded 
firmly and permanently to the steel base plate and does not separate 
as a result of deformation in forming, temperature changes in fabrica¬ 
tion or service, nor subjection to pressure or vacuum. 19 

The availability of large and thick clad plates makes the construc¬ 
tion of large, corrosion-resisting pressure vessels, evaporators, storage 
tanks, railroad tank cars, and many other types of equipment more 
economical than would be possible if the solid corrosion-resisting mate¬ 
rial alone were used. Because of the intimate, metallurgical bond be¬ 
tween the steel and the cladding material, the heat conductivity of the 
composite product is equal to that of solid steel plate, and maximum 
thermal efficiency is obtained in all equipment requiring heat transfer 
through the wall. 

The choice among the three compositions of cladding to meet par¬ 
ticular corrosive conditions is governed by the expected behavior of 
nickel, Monel and Inconel under those conditions. 

Standards of Cladding 

The composite plate, of a total thickness of % 6 in. or more and 
clad either one or both sides, is produced with various thicknesses of 
cladding. Standards of S, 10, 15 and 20 per cent of the total thickness 
have been established. For example, the thickness of the cladding on a 
y 2 -in. plate, clad 10 per cent, is 0.050 in. The 5 per cent cladding is 
produced only on plate J4-in. thick and heavier. 

The conditions of corrosion, erosion and abrasion will determine the 
selection of a thickness of cladding suitable for a particular service. 


Design 


The A.S.M.E. Boiler Code Committee has approved under Case 828 


(reopened January 19, 1940) the use of nickel-clad steel for unfired 
pressure vessels. This new ruling permits the designer to include the 


19 Methods for the Fabrication of Nickel-Clad Steel Plate. Technical 
1941. The International Nickel Company, Inc., New York, N. Y. 


Bulletin T-4. 


September, 
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thickness of the nickel in his calculations in addition to the thickness 
of the steel base plate where the vessel is to operate at not over 100 
pounds pressure and/or a temperature of 250° F. For example, a j4-in. 
thick plate of nickel-clad steel with 10 per cent cladding, made up of 
0.450-in. steel and 0.050-in. nickel may be designed on the full 0.500-in. 
thickness. Previous to this ruling, it was permissible to calculate the 
steel only for strength in the design with no credit given for the nickel. 

For working pressures greater than 100 pounds and/or temperatures 
higher than 250° F., the new ruling limits the pressure calculation to 
the thickness of the steel only. However, if the vessel is to be X-rayed, 
pressures higher than 100 pounds are permissible. The case stipulates 
that procedure and welder qualification weld-test plates must be made; 
and this applies whether or not the cladding is included in the compu¬ 
tations. 

The maintenance of a continuous nickel. Monel or Inconel sur¬ 
face is the only new requirement in the design and fabrication of 
pressure vessels and other types of equipment. The accompany¬ 
ing drawings. Figs. M-42 to M-66, inclusive, refer specifically to 
nickel-clad steel construction; however they apply equally as well 
to Monel- and Inconel-clad steel. If dissimilar metals are to be 
joined, the instructions given in Table M-25, page 94, must be 
followed. 

Figs. M-42 to M-47, show methods of construction that provide con¬ 
tinuity of the clad surface at butt, lap, fillet and corner joints. 

Figs. M-48 and M-49 show top reinforcing curbs for open vessels 
in the lighter plate thicknesses. The reinforcement of tanks in plate too 
thick to flange is accomplished by welding on steel angles, as in steel 
work. Nickel, Monel or Inconel sheet may be applied over the top 
flange of the angle and welded to the clad plate, if desired. 

The methods illustrated in Figs. M-50 and M-51 may be used for 
flared and dished cover plates on vessels that operate under pressure or 
vacuum. 

Jackets can be welded readily to clad steel vessels, as illustrated in 
Figs. M-52 to M-54. 

Forged, tapped welding flanges in solid nickel, Monel and Inconel 
are available in sizes up to 4-in. IPS, and may be applied as shown in 
Figs. M-55 or M-56, with preference given to Fig. M-56. Small tap- 
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Bevel for plate up to V6" thick 

trfi 




Bevel for plate l A” and thicker 



2. Completion of steel welding 



3. Nickel side of joint chipped 
to receive nickel weld 



4. One or two beads of nickel 
deposited to complete the joint 


WELDING SEQUENCE FOR NICKEL-CLAD STEEL 

The same sequence is followed for welding Monel-clad and Inconel-clad steel plate 
but Monel and Inconel electrodes, respectively, are used for welding the clad side. 



Fig. M- 42 —Example of metal-arc welded butt joint in Monel-, nickel- and 
Inconel-clad steel plate. 


pings, about 2-in. IPS and under, may be machined from solid bars and 
welded in as shown in Fig. M-57. 

Built-up flanged fittings, Figs. M-58 and M-59, or loose flanges, 
Figs. M-60 and M-61, are suitable for outlets up to 6-in. IPS. Suitable 
designs for large outlets, handholes and manholes are shown in Figs. 
M-62 to M-65. Fig. M-64 may be used for large flanges and is a par¬ 
ticularly good design for bolted joints in evaporator shells, or similar 
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A - Edges Sheared 90° Nickel or Steel - 
may be Welded First, as Convenient. 



B - Completed Joint. 



Fig. M-43 —Example of metal-arc welded lap joint in Monel-, nickel- and 
Inconel-clad steel plate. 

large vessels, when machining facilities are available for facing the 
flanges. 

Formed Heads and Fittings 

Standard boiler heads, flanged flat heads, flanged and dished heads, 
elliptical heads, flued openings and flared ring sections for manholes and 
handholes, and, in fact, practically any formed shape, can be obtained 
in nickel-, Monel- and Inconel-clad steel. The materials respond readily 
to hot-spinning, hot- and cold-pressing, and hand-shaping operations 
in the production of these various shapes. Cold-pressed, flat-flanged, 
and flanged and dished heads are obtainable in a wide range of sizes 
and gauges. 

The following tempers are recommended for the operations listed. 
1. Annealed — For the production of cold-flanged and dished heads, 
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See Note 



%T- Not Less than 3 /i£ 


Note: %” I. P.S. Holes Drilled and Tapped Permit 
Testing of Nickel Butt-strap Welds. 



J |. 6Tto8T ( 

. ssgTgsssa -*- 

C AV-W T 

Open Butt 
Xe and Thinner 


Fig. M-44—-Strap joint used in constructing welded tanks of nickel-clad 
steel. Similar procedures are used for Monel- or Inconel-clad steel. 



Fig. M-45— Inside fillet weld used 
clad steel. Similar procedures 



of nickel- 
or Inconel-clad steel. 


in constructing welded tanks 
are used for Monel- 


welded pipe, deep-drawn shapes, and similar purposes 
involving severe cold deformations. 

2. As-rolled — (a) For hot forming, boiler tube sheets, and other appli¬ 
cations involving no cold bending. 

(b) For general tankage work involving cold rolling into 
large-diameter cylindrical shells, bending flat plate to 
form the sides and bottoms of a rectangular tank, and 
other similar operations. 
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A * I s ? dvi ?f b, e to remove the Nickel as shown to insure penetration 
into the Steel when using a Steel Electrode. 

B - This Double Fillet can also be made without resorting to Chipping, by 
Deposition o f a Monel Weld in the Fillet between the Steel and the 
Nickel Surfaces, and a Nickel Bead between the two Nickel Surfaces. 


Fig. M-lb—Double fillet weld used in constructing welded tanks of nickel- 
clad steel. Similar procedures are used for Monel- or Inconel-clad steel. 



FlG , corner weld used in constructing welded tanks of nickel- 

clad steel. Similar procedures are used for Monel- or Inconel-clad steel. 



Fig. M-48 

Figs. M-48 and M-49 — Top 



reinforcing curbs for light-gauge open tanks. 


Pressed tank manhole flanges, Fig. M-66, are available for storage 
tanks. These may be used to advantage with flared and dished covers 
on vessels for low-pressure service. 
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■ 



Figs. M-SO and M-51 —Methods for attaching flared and dished cover plates 
on pressure or vacuum vessels. 





Figs. M-52, M-53 and M-S4 —Methods for attaching jackets and outlets to 
clad-steel vessels. 

Forged and tapped welding flanges in solid nickel, Monel and In¬ 
conel, vanstoned ends in solid seamless tubing with steel flanges, 
castings, and other accessories required in the construction of tank and 
plate work, can be procured. 

Types of Joints 

The beveled butt joint, Fig. M-42, should be used whenever the 
nature of the work permits. Field erection of large storage tanks may 
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Forged Tapped Nickel Flange 



Nickel Weld 

Fig. M-55 



Fig. M-56 


Fitting Machined from 
Nickel Rod or Pipe 



Fig. M-57 

Figs. M-5S, M-56 and M-S7 —Methods for attaching tapped flanges to clad- 

steel vessels. 



Fig. M-58 

Figs. M-58 and M-S9— Built-up 


Nickel Clad Steel Flange 



flanged fittings for attachment to vessels. 



Fig. M-60 



Nickel Tubing 

Fig. M-61 


Figs. M-60 and M-61 — Loose-flange type outlet fittings. 
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Bolt 


Two Layers of 
Nickel Weld 



Steel Weld 

Nickel Clad 
Steel 


Fig. M-64 


3 /ie x %" to Va x 2" Nickel Plate 
Bent on Edge 



Fig. M-65 


Figs. M-62, M-63, M-64 and M-65 —Methods of attaching and protecting 
flanges in clad-steel vessels, to obtain corrosion-resisting gasket surfaces. The 
welds in Figs. M -64 and M -65 are machined. 


When this Dimension 



Manhole Size 

A 

B 

c 

D 

E 

16" 

16"id 

20 Vi' 

19" 

47" 

16 

18" 

18"id 

22Vz 

21" 

58" 

18 

20" 

20"id 

24'/ 2 " 

23" 

81" 

24 


Fig. M-66 Pressed manhole flange for attachment to clad-steel storage tanks. 
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require the lap joint shown in Fig. M-43. The various joints, Figs. 
M-44 to M-47, are used to meet particular needs of construction. 

Fillet welds, usually of the type shown in Fig. M-45 are encountered 
frequently in tank fabrication. The continuity of the clad surface is 
maintained by deposition of nickel, Monel or Inconel weld metal as re¬ 
quired. The second fillet, which involves joining a steel surface (the 
back of the clad steel plate) and a nickel or alloy surface, can be made 
in either of two ways; 

(1) by chipping off the cladding to expose the steel base below and 
making the weld between the two steel surfaces, using a mild steel elec¬ 
trode; 

(2) with nickel- and Monel-clad plate, by joining the clad surface, 
without chipping, to the steel plate using a No. 130X Monel electrode. 
Inconel-clad plate can be welded with Inconel weld rod. 

Cold Working 

Cold-fabricating operations, such as bending, flanging, forming, 
shearing, beveling, and the like, are performed exactly as in common 
steel plate work. No change in equipment nor provision for special tools 
are required. Whenever possible, clad-steel plates should be handled 
around the shop and to the shears and punches with the clad side up, 
to prevent gouging and deep scratching of the cladding. In shearing and 
punching, the burr should be thrown to the steel side. 

Severe cold operations, such as pressing heads and die work, require 
annealed plate. For other forming operations hot-rolled plate is used. 

Annealing lor Cold Pressing 

The instructions given immediately below under “Heating For Hot 
Working” must be observed even more faithfully in annealing for cold 
pressing, to preserve the cladding from loss of ductility through sulfur 
or oxygen embrittlement. 

Proper annealing to condition the plates for severe cold work is ac¬ 
complished by heating to 1500° to 1600°F. for nickel-clad, 1600° to 
1700°F. for Monel-clad, and 1700° to 1800°F. for Inconel-clad steels. 
In each case the material should be withdrawn as soon as it has reached 
furnace temperature and allowed to cool in the air. 
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The furnace should be brought up to the required annealing tem¬ 
perature before charging the plate. The burners should be adjusted to 
give a reducing atmosphere to prevent excessive oxidation, and a low 
sulfur fuel must be used with nickel and Monel. 


Heating for Hot Working 

Given the proper means of heating, no change need be made over 
usual steel practice as to temperatures, amount of work done after each 
heating, or the methods used in performing the work. 

Clad plates should be heated in furnaces designed so that the mate¬ 
rial is heated outside the actual zone of combustion. To avoid oxidation, 
a reducing atmosphere should be maintained by adjusting the fuel-air 
mixture to give an excess of carbon monoxide. The stack dampers should 
be adjusted to maintain a positive pressure within the furnace and thus 
prevent intake of air under the door or through other openings. 


The plates must be supported on clean steel rails or clean fire brick, 
thereby avoiding possible embrittlement of the cladding by slag and 
cinder on the furnace bottom. Whenever possible, the plates should be 
heated with the clad side up. 


Fuels high in sulfur, such as coal, coke, unwashed producer gas, 
crude oil, and others having a sulfur content in excess of 0.5 per cent,' 
may destroy the ductility of the cladding through embrittlement. Such 
fuels should not be used. Satisfactory fuels are those having a sulfur 
content not over 0.5 per cent, among which are natural gas, kerosene, 
gasoline, charcoal, and coke from coal treated to reduce the sulfur 
to the level indicated. When combustion and fuel conditions are not 
entirely suitable, damage to the cladding can often be minimized by 
covering the clad surface with a lime wash or a sulfur-free grade of 
asbestos sheet prior to heating. 


Heavy-duty preheating torches, burning light distillate oil, or large 
oxy-acetylene welding torches provide satisfactory means of heating for 
localized hot work. The flame should be directed against the steel side 
of the plate whenever possible. If it is necessary to apply the flame 
directly to the clad side, oxy-acetylene torches should be adjusted to 
give a slightly reducing flame. An improvised furnace of loose firebrick 
usually can be assembled to confine the heat and provide proper com- 
bustion conditions. 
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For such operations as hot pressing or spinning of heads, where 
heating must be done under bad furnace conditions, full protection 
can be obtained by welding on a steel cover plate. The weld should be 
made gas-tight around the periphery, and a small vent hole about *4-in. 
diam. should be drilled through the center of the cover plate. The cover 
plate should be welded to the nickel or Inconel cladding with 18-8 
stainless steel metal-arc welding rod and to Monel cladding with No. 
130X Monel electrode. Before applying the cover plate the clad surface 
should be coated with a thin lime wash to avoid sticking. The thickness 
of the cover plate should be about one-third to one-half the thickness 
of the clad plate. 

Surface Cleaning 

During transportation and handling in the fabricator’s shop, small 
particles of iron, often in the form of dust and mixed with grease, may 
collect on the clad surface. Grease should first be removed with an 
organic solvent, such as carbon tetrachloride or trichlorethylene, or by 
a hot caustic cleaning solution. Then the clad surface should be coated 
with a paste pickle which should be left on for at least 1 hr. and may 
be left on overnight. A suitable paste pickle for removing iron is: 

Fuller’s earth.10 lb. 

Lamp black. 1 lb. 

Commercial hydrochloric acid (20° Be)_ 1 y 2 gal. 

Water . 1^ gal. 

The paste should be mixed, in a vessel of stoneware or of wood, to 
a creamy paste. For thickening, if necessary, more Fuller’s earth, and 
for thinning, more water, can be added. Large areas can be coated 
with the aid of a long-handled roofing brush, and smaller areas with a 
flat wall brush. The paste should be washed off with plain water. This 
should be followed by a rinse with plain water, which, when wiped dry, 
will leave the surface of the nickel satisfactorily clean. Other pickling 
solutions, such as those given subsequently in this Section, may be used. 
In order to avoid contamination with shop dirt, a protective paper 
coating may be applied to the clean clad surface and left in place until 
fabrication has been completed. 

Flame Cutting Nickel-Clad Plate 

Thick plates, % in. and heavier, can be flame cut almost as readily 
and at about the same speed as steel plate. The cut should be made 
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from the steel side, with the torch head inclined, at an angle of about 
10° from the vertical, in the direction of travel, i.e., the flame directed 
toward the completed cut. A tip one size larger than is used for steel 
is necessary, with about the same oxygen pressure. Plates thinner than 
Vs i n - cannot be flame cut conveniently in the same manner, as the 
scarf becomes rough and an excessive amount of grinding and chipping 
will be necessary, but can be flame cut by following the procedure out- 
lined in the next paragraph. 

In cutting holes for fittings in fabricated tanks, it is preferable to 
chip, with a diamond-point chisel, through the cladding to the steel 
along the line of cut, and then flame cut through the steel from the 
clad side. 

Electric-Arc Welding 

Heavy steel plate is welded generally by the metal-arc method; 
consequently, this is the most important and preferred method to be 
considered in welding clad steel plate. 

The steel side is welded with a steel electrode of good quality, and 
the clad side is welded with the appropriate, flux-coated nickel or nickel 
alloy welding electrode. In general, the most commonly used procedure 
in arc welding clad plate, particularly with beveled butt joints, is as 
follows. This procedure is illustrated in Fig. M-42, page 104. 

(1) Assemble the vessel by tacking from the steel side, with steel weld¬ 
ing rod. 

(2) Complete the weld on the steel side with the steel electrode. 

(3) Chip out the clad side of the butt joint to clean, sound, steel weld 
metal, using a round-nose gouge so as to leave a clean groove, as narrow 
as practical, in which to deposit the nickel or alloy weld metal. 

(4) Deposit one or more beads of the nickel or alloy weld metal into the 
chipped groove. In general, these welds are left in the as-welded con¬ 
dition. 

Some fabricators prefer to assemble a vessel by tacking from the 
steel side, welding the cladding completely from the clad side with elec¬ 
trodes of the cladding composition, chipping to clean, sound metal on 
the steel side, and completing the weld on the steel side with steel elec¬ 
trodes. This method requires machined, beveled joints assembled with 
the lips of the bevel in tight contact and in close alignment. 
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The amount of iron picked up in the nickel weld depends largely on 
the thickness of the cladding and to a lesser extent upon the procedure 
employed. The welding method cited in the paragraph immediately 
above will produce lower iron contents, with claddings of about 0.050 in. 
and thicker, than the more widely used method of welding the steel 
side first, back chipping, and welding the nickel side last. 

The accustomed practices prevailing in the shop, including size and 
type of welding rod, current adjustment, and manipulation peculiar to 
individual operators, can be used without important modifications in 
welding the steel side of the plate. Skilled operators should have no 
difficulty in welding the clad side. Operators who are inexperienced in 
the welding of nickel, Monel or Inconel should study the instructions 
distributed by The International Nickel Company, Inc., on the welding 
of solid plate of those materials 8 , or read the welding portion of this 
Section, and then should make a few welds with scrap clad steel to 
become accustomed to the flow of weld metal. 

Six principal points must be observed in the preparation of the joints, 
assembly and welding. 

(1) The edges of the plate should be planed to give uniform alignment 
at the joint and to provide a steel lip approximately % 6 in. (db y 32 in.) 
above the cladding-to-steel interface. 

(2) Beveled butt joints should be assembled as shown in Fig. M-42 
with the edges of the bevel at the lip closely butted. 

(3) On joints welded first from the steel side, the clad side should be 
cleaned free from “icicles,” slag, and heavy oxide. It is advisable to 
chip the seam with a % 6 -in. or %-in., round-nose chisel to a depth 
necessary to expose sound metal at the root of the steel weld. On joints 
welded first from the clad side, the tack welds should be chipped out on 
the steel side and the root of the bevel chipped to clean, sound metal. 

(4) Inco No. 131 Nickel, No. 130X Monel, and No. 132 Inconel welding 
electrodes should be used for welding nickel, Monel and Inconel claddings, 
respectively. For most work only the in. and % 2 -in. diam. electrodes 
are recommended for welding the clad surfaces. Larger and smaller elec¬ 
trodes are available in these metals for other electric-arc welding work. 








WORK IN G 


INS 


T R U C TIONS 


(5) The operator should make trial welds, with reversed polarity, at 
several current values, and select the amperage that best suits the na- 
ture of the work and his own welding technique. 

(6) A short arc, y 1G -'m. to yi-in. long, must be used. 

Mechanical Properties of Nickel-Clad Metal-Arc Welds 

Test plates 1 y 1G - in. thick and clad 10 per cent with nickel, made 
in accordance with requirements for A.S.M.E. U-68 welds, and for 
which satisfactory exographs were obtained, showed the mechanical 
properties given in Table M-26. 


TABLE M-26 

Mechanical Properties of Welds in Nickel-Clad Steel Plate 


Property 

Reduced 

Section 

Specimen 

Full 

Section 

Specimen 

Special 

Reduced 

Specimen* 

Yield Strength, psi. 

40,700 

65,300 

25.0 

40,300 

59,800 

22.2 

38,200 

64,000 

22.5 

Tensile Strength, psi. 

Elongation, per cent in 2 in.. .. 


A,. *^ 7, s P ec ™ en was made by machining the steel si 

approximately the same thickness of steel weld metal as of nickel weld metal. 


Standard free-bend tests, with the steel weld outside, gave an 
elongation of 31 per cent in the weld, without failure. Reverse free-bend 
tests, with the nickel weld outside, gave 37 per cent elongation in 1 in. 
An elongation of 25 per cent in ^ in., without failure, was obtained in 
the nickel weld metal. 


Oxy-Acetylene Welding 

Monel-, Nickel- and Inconel-clad plates of all thicknesses may be 
oxy-acetylene welded, but the method is seldom employed because the 
electric-arc method is faster and produces less buckling. 

Position Welding 

In the erection of large storage tanks in the field, it is not possible 
to place a tank in position to weld all joints “downhand,” as in shop 
assembly. Vertical and horizontal welding on the clad side is accom¬ 
plished readily, and satisfactory welds are obtained. Vertical welding 
by the metal-arc process may be done either from the bottom upward or 
from the top downward. 
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TUBE AND PIPE FABRICATING 

Monel, nickel and Inconel seamless tubing respond readily to coil- 
ing, bending, welding, threading and expanding. Complete details are 
given in another publication. 20 

Tubing larger than 4^-in. O.D. is not given sufficient cold work to 
be classified as fully cold-drawn tubing and is referred to as semi cold- 
drawn. 

Cold-drawn tubing is produced in four tempers: i.e., (1) as-drawn, 
(2) low-temperature normalized, (3) high-temperature normalized and 
(4) soft. 

Tubes for cold coiling and bending should be specified as “soft” 
temper, and those for hot bending as “as-drawn” temper. Tubes to be 
subjected to simple machine work, such as threading, should be specified 
as “low-temperature normalized.” If the tubes must be machined overall 
to close tolerances in straightness and ovality, they should be specified 
as “high-temperature normalized.” Tubing that is to be expanded by 
rolling or drifting into header plates should be specified as “high- 
temperature normalized, with ends reamed and beveled.” 

The information on bending applies only to fully cold-worked and 
annealed seamless tubing and not to welded tubing, semi cold-drawn 
tubing, nor hot-rolled seamless tubing. 

Cold Bending 

The equipment may range from simple “hickeys” or hand tools to 
heavy duty mechanical or hydraulic machines. Proper bends cannot be 
made without using dies to confine the wall in the region of bending, so 
as to prevent collapsing or wrinkling. Makeshift setups do not permit 
good bending except when used by workmen highly skilled in the method 
being used. The majority of failures are due to attempts to bend un¬ 
filled tubing having a wall too thin for the tube diameter or the radius 
of bend. 

Mandrel Bends 

This method produces good results. With it light-gauge tubing may 
be bent to short radii with freedom from wrinkles. Practical experience 
has shown that with proper mechanical bending equipment, annealed 
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Monel, nickel and Inconel tubing can be bent cold to a mean radius of 
2 diameters or greater, provided the wall thickness is not less than % 0 
(5 per cent) of the O.D. of the tube. 

Cold Bends Without a Mandrel 

With proper tools, unfilled annealed tubing can be bent cold to a 
mean radius of 3 diameters or greater, provided the wall thickness is not 
less than %5 (about 7 per cent) of the O.D. of the tube. 

Bending Thin-Wall Tubing With the Aid of Fillers 

The use of fillers of hard-setting and non-shrinking alloys having 
low melting points is a well established practice in cold bending thin- 
wall tubing. Cerrobend 21 or Tuballoy, 22 which are slight modifications 
of Wood’s Metal and have melting points of approximately 160°F., 
may be used as fillers for tubes %- in. I.D. to 2-in. I.D. Lead can be 
used, but is not as ductile and will shrink on solidification making it 
necessary to kink the tube to hold the lead in position. Machine bends 
equal to those produced with the use of a mandrel can be produced with 
this type of filler. 

Rosin also may be used but it is imperative to remove all traces of 
it from the inside of the tube after bending. Flakes of rosin left in 
tubes have been responsible, in a few cases, for the initiating of local 
corrosion attack. Rosin deposits may be removed by soaking the 
tubing for a short period in boiling 25 per cent caustic soda solution. 

Rosin is inflammable and may become a fire hazard if it is allowed 
to become too hot during melting. 


Hot Bending 

Hot bending should be avoided, if possible, because thin-wall 
tubing does not hold heat sufficiently long to give good results. Hot 
bending should be confined to sand-filled tubing 2-in. IPS and larger. 
Hot bends to mean radii as short as 2 diameters can be made on 2-in. 
and 2y 2 -in. IPS tubing. On larger tubes the radius of bend must be 
increased. When hot bends must be made, “as-drawn” tubing should 
be used in order to avoid excessive grain growth due to reheating. 

Reference should be made to Fig. M-l for the recommended hot- 
bending temperature ranges. The same precautions as described in 


Product of Cerro de Pasco Copper Corp., 40 Wall St., New York 
Product of Parker Appliance Co., Cleveland, Ohio. 


N. Y. 
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this Section under “Forging” should be followed in heating for 
hot bending. 

Machining 

Pipe threads can be turned readily on Monel, nickel and Inconel 
seamless pipe and tubing. A great deal of high-nickel alloy pipe has 
been threaded on 3-speed threading machines. The speeds and sizes 
of the tubing threaded are given in Table M-27. 


TABLE M-27 

Threading Monel, Nickel and Inconel IPS Tubing 
on a 3-Speed Threading Machine 


O. D., in. 

Speed 

R.P.M. 

y 2 to 2 . 

No. 1 

44 

2 to iy 2 . 

No. 2 

26 

2 % to 4 . 

No. 3 

20 



It is essential to use high-speed steel cutters, kept sharp at all times, 
and to flood the threaded pipe end with a heavy, sulfurized cutting oil. 

Information on hand threading and lathe threading has been given 
in the “Machining” part of this Section. 

Joining 

The welding, brazing and soft soldering of pipe and tubing have 
been discussed previously on pages 90 and 91. A more complete dis¬ 
cussion has been given in another publication 8 . 


• 119- 























SHEARING AND PERFORATING 
Shearing 

Shearing is the cutting of sheets and plates in power shears and 
s ould not be confused with shear properties of rods, bolts, rivets 
sheet and strip which have been given in Section H. 

The results of shearing tests conducted by the Cincinnati Shaper 
ompany, Cincinnati, Ohio, with a power sheet shear, having a % 6 -in. 
per foot rake, are shown in Table M-28. 

TABLE M-28 


Comparison of Load Required to Shear Monel. Nickel and Inconel 
Sheet and Strip 


Material 

Temper 

Shear Load 
percent 
mild steel of 
equal gauge 

Sheet 

Tensile 

Strength 

psi. 

Hardness 
Rockwell B 

Monel. 

Soft 

Half-hard 

Full-hard 

Soft 

Half-hard 

Full-hard 

Soft 

Half-hard 

Full-hard 

116* 

128* 

130* 

113 

119 

127 

119 

127 

131 

81,150* 

87,500* 

136,450* 

68,500 

75,200 

113,000 

91,700 

115,000 

145,000 

67* 

86* 

104* 

43 

78 

100 

74 

99 

109 

Nickel. 

Inconel.. 

* A i-va A « 


• Average of three gauges. 0.062 to 0.125 in. All other figures are ,he results of only one test. 


It is very important that shear blades be set up tightly and kept sharp. 

Perforating 

Monel, nickel and Inconel sheet and strip can be perforated to 
practically the same limits of hole diameters for various thicknesses 
of sheet as are considered commercial for soft steel. 

Soft to skin-hard temper is preferable in material to be perforated 
Because of the toughness of the high-nickel materials, the minimum 
hole diameter that can be punched, on an economical production basis 
must be larger than the thickness of the sheet up to thicknesses of 
approximately % 2 in. For heavier plate, the minimum diameter 
of the hole may be equal to the thickness of the sheet. However, on 
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WORKING INSTRUCTIONS 


a favorable setup, it has been found possible to perforate 0.062-in. 
diam. holes successfully in 0.062-in. soft Monel sheet. 

Practical rules for the selection of the minimum size of hole that 
can be punched in a given thickness of soft to quarter-hard temper 
sheet are given in Table M-29. 


TABLE M-29 

Relation Between Thickness of Sheet and Minimum Permissible 
Hole Diameter for Punching MoneL Nickel and Inconel 


Thickness of Sheet, in. 

Approximate Min. Diam. of Hole, in. 

0.018 to 0.034 incl. 

Sheet thickness x 1.5 

0.037 to 0.070 incl. 

Sheet thickness x 1.3 

0.078 to 0.140 incl. 

Sheet thickness x 1.2 

%2 and heavier. 

Sheet thickness x 1.0 



The die &nd punch clearance for punching light-gauge Monel, nickel 
and Inconel should be the same as for neat steel punching. For Y\ -in. 
and heavier plate, it is often desirable to use slightly less clearance than 
is recommended for steel in order to produce a clean hole, free from 
burrs. A very close clearance should be maintained between the punch 
and the stripper plate. 

Punches and dies should be made of alloy steel, heat treated to a 
tough temper, about Rockwell C 58-61. The steel manufacturers should 
be consulted for suitable grades of steel and recommended heat treat¬ 
ments. Types of steel most generally recommended are: (1) high-carbon, 
high-chromium die steel having an approximate composition of 1.5 to 
2.25 per cent carbon, 12 to 14 per cent chromium, and 0.25 to 1 per cent 
vanadium, (2) manganese oil-hardened die steel, having an approximate 
composition of 0.90 per cent carbon, 0.50 per cent chromium, 0.50 per 
cent tungsten, and 1.25 per cent manganese; or (3) an 18 per cent 
tungsten, 4 per cent chromium, 1 per cent vanadium high-speed steel 
containing 0.71 to 0.76 per cent carbon. 

A 15 to 20 per cent greater shear load is required to perforate 
these high-nickel alloys than to perforate soft, mild steel of equal 
gauge; wherever possible, the punches should be designed stronger 
than for.ordinary steel practice. This is particularly desirable for small 
punches. 

Punches and dies should be kept well dressed at all times to avoid 
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WORKING INSTRUCTIONS 


microscopic tears around the edges of the holes. Defective hole edges 
are likely to result in fatigue failure if the perforated sheet is subjected 
to repeated flexure in service, and, in some cases, are conducive to 
accelerated corrosion also. A thermal, stress-equalizing treatment after 
perforating will increase the fatigue life of a screen. 

A heavy, sulfur-base oil should be used as a lubricant in punch¬ 
ing. It must be removed thoroughly before the perforated sheet is 
annealed or heated to high temperatures for any other purpose. 

Punching Monel, or any other metal or alloy, results in appreciable 
hardening of the edge of the punched holes. If the perforated sheet is to 
be severely cold worked subsequently, annealing is recommended. 











WORKING INSTRUCTIONS 


DEEP DRAWING 

Monel, nickel and Inconel sheet and strip, that are suitable for 
deep drawing, respond well to cold working and can be formed into 
any shape that can be produced from steel of deep-drawing quality. 
Very few commercial operations require changes or variations in die 
equipment designed originally for drawing steel or brass. For the rela¬ 
tively few cases calling for severe drawing and extreme accuracy, 
certain modifications must be made in die materials and construction, 
lubrication and annealing methods in order to accommodate the work¬ 
ing characteristics of the high-nickel materials, and to realize the full 
value of their ductility. 

Two kinds of sheet of each material are furnished for deep draw¬ 
ing; a standard sheet available only in soft temper, and a special 
quality of heavily cold-rolled and annealed sheet or strip possessing 
a highly finished surface. Standard sheets are not as ductile as the 
special quality sheets, nor is their grain size as closely controlled, but 
they are suitable for moderate drawing and stamping operations. Cold- 
rolled sheets and strips, in soft temper and with fine to medium 
grain, are the most suitable for deep drawing. Another special product, 
the No. 35 Monel sheet, is suitable for press-brake forming, but is 
too stiff for stamping and pressing operations. 


TABLE M-30 

Mechanical Properties of Deep-Drawing Quality Sheet of Several 

Metals and Alloys 


(Results of a single set of tests) 




Hardness 

Tensile Properties 

Olsen Ductility 

Pressure 

Material 

Thick¬ 



Yield 


Elon¬ 
gation 
in 2 in. 
per 
cent 


Beam Load, lb. 

Factor at 
0.375-in. 

ness 

in. 

Sclero- 

scope 

Rock¬ 

well 

B 

Str’gth 

(0.2% 

offset) 

psi. 

Tensile 

Str’gth 

psi. 

Depth 

of 

cup 

in. 

at 

frac¬ 

ture 

at 

0.375- 
in. cup 
depth 

cup 

depth, 

taking 

A1 at 1 

Monel. 

0.062 

16 

58 

27,450 

70,850 

52.0 

0.495 

11,800 

9,100 

5.15 

Nickel. 

0.062 

10 

46 

21,350 

71,850 

47.0 

0.545 

11,650 

8,290 

4.70 

Inconel. 

0.062 

21 

74 

38,965 

91,380 

43.5 

0.480 

13,750 

11,140 

6.30 

Ingot Iron. 

Deep-Drawing 
Steel, 0.06 per 

0.062 

18 

38 

26,150 

44,465 

49.0 

0.425 

6,500 

6,020 

3.40 

cent C. 

0.063 

20 

49 

31,550 

45,675 

48.5 

0.430 

7,510 

6,940 

3.90 

Copper. 

0.062 

7 

* 

11,740 

32,100 

68.5 

0.490 

5,110 

3,800 

2.15 

Aluminum. 

0.062 

4 

* 

8,710 

14,500 

41.0 

0.430 

1,880 

1,760 

1.00 


* Copper and aluminum, in this thickness, are too soft for Rockwell “B M hardness measure¬ 
ments. 
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WORKING INSTRUCTIONS 


Important mechanical properties in the deep drawing of Monel, 
nickel, Inconel and some other commonly used metals are listed in 
Table M-30. The values given are the results of actual tests on specimens 
that were all of the same gauge (except that the steel was 0.001-in. 
heavier) and that were specified to be of deep-drawing quality. The 
rates of work hardening of the same materials have been given in 
Fig. M-17. 

Reductions 

Reduction here refers to diameter and not to area . 

On a double-action press with pressure ring, a well-balanced series 
of reductions for light-gauge cylindrical shells, with no “ironing” of 
the side walls, would be approximately 30 to 40 per cent in the first or 
cupping operation, and 15 to 25 per cent on redrawing operations. 
Single-action redraws, without pressure rings, rarely exceed 20 per cent 
for light gauges; however, with very slight diameter reductions (less 
than 5 per cent), up to 30 per cent reduction in wall thickness can be 
obtained. The depth to which Monel, nickel or Inconel rectangular 
shapes can be drawn depends on the size of the finished article and 
whether or not the shape has straight or tapered sides. Experience 
has shown that the depth of rectangular draws should be limited to 
from 2 to 4 times the corner radius. 

Clearance 

Theoretically, Monel and nickel should require more die clearance 
than steel. However, the difference is very small and seldom need be 
considered for drawing over dies originally laid out for steel. For 
ordinary deep drawing of light-gauge cylindrical shells, an overall 
clearance equal to about 40 to 50 per cent of the thickness of the 
material is ample and not conducive to wrinkling. With heavy-gauge 
sheets, an overall clearance equal to the gauge of the stock is provided 
generally. 

Radii 

The curved surfaces over which the material is drawn should 
have radii as great as possible without developing wrinkles in the shell. 
Draw-ring and punch-nose radii for light-gauge cylindrical shells are 
usually from 5 to 12 times the thickness of the stock. The corner-edge 
radius for a rectangular shell should be from 4 to 10 times the thick¬ 
ness of the stock. 
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Die Material 

Grey cast iron and cast semi-steel dies are satisfactory materials 
for comparatively short runs of a few hundred pieces. For large 
production runs, hard bronzes, heat-treated nickel-chromium cast iron 23 , 
hardened steel chromium plated, and, for very small work, tungsten 
carbide, are recommended. High-nickel materials have a strong ten¬ 
dency to gall against carbon steel dies which, therefore, should not 
be used. Dies and punches should be kept well polished. 

Lubricants 

Beef tallow or castor oil are good lubricants; so also are water- 
soluble or oil-soluble lubricants compounded from these two substances 
and containing fillers. White-lead and graphite, also sulfur-bearing 
lubricants, are excellent but must not be used if shells are to be 
annealed. All lubricants should be removed completely before an¬ 
nealing. 

Annealing 

Proper annealing practice has been described on pages 13 to 37 of 
this Section. The stages in the production of any given drawn shape 
at which the work should be annealed can be ascertained by preliminary 
trials of a few pieces. When drawn shells reach a Rockwell hardness 
of 95B, or over, annealing is usually necessary. A network of small 
cracks on the surface of the metal indicates overdrawn material that 
should have been annealed prior to the operation in which the cracks 
developed. Annealing can never restore the stock to satisfactory condi¬ 
tion once cracks have been formed. 


L N . iC New C York, 0 N D Y. a Sh “'’ SeCt '° n N °' 2> Jan ' 193<S ' The International Nickel Company, 
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SPINNING 

Monel, nickel and Inconel sheet and strip, in the annealed con¬ 
dition, are practically as ductile as the softer metals—copper, brass, 
aluminum and nickel silver—with which spinning operators are thor¬ 
oughly familiar. However, the high-nickel materials are inherently 
stronger and work harden faster. Therefore, more power is required 
to spin them and more frequent annealing is necessary. The range of 
shapes into which Monel, nickel and Inconel sheet and strip can be 
spun depends almost entirely on the availability of adequate power 
and suitable annealing equipment. Mechanical spinning is more prac¬ 
ticable than manual spinning. 

Spinning should be used only when the number of pieces to be 
produced is insufficient to justify the cost of preparing dies for deep 
drawing. It is frequently an economical procedure to deep draw the 
sheet or strip stock to shells having approximately the finished dimen¬ 
sions, in available standard dies, then anneal and finish finally to the 
desired contour by a light spinning operation. 

Table M-31 lists the high-nickel materials according to their spin- 
nability, with the maxima Rockwell B and Scleroscope hardnesses 
for spinning-quality sheet and strip, and gives also the maximum blank 
thickness that the average spinner can handle by hand operation and 
with compound-leverage tools. 


TABLE M-31 

Maximum Hardness and Thickness of Spinning-Quality Sheets 


Material 

Maximum 

Rockwell B 

Hardness 

Scleroscope 

Maximum 
Thickness, in. 

Low-carbon Nickel. 

55 

14 

0.078 

Nickel. 

60 

16 

0.062 

Monel. 

68 

18 

0.050 

Inconel. 

75 

20 

0.037 


Before beginning a production job, an operator who is unfamiliar 
with the working characteristics of Monel, nickel and Inconel should 
first spin a few completed pieces to his own satisfaction, particularly 
if the shapes are sufficiently deep to require intermediate annealing. 
This precaution is suggested to permit the detection and correction of 
initial difficulties, which are caused by inexperience, and to determine 
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the place and number of anneals required without unnecessary loss of 
material. 

Procedure 

The procedure for spinning Monel, nickel and Inconel is essen¬ 
tially the same as that used for spinning other metals. The work should 
be laid down firmly on the chuck with long powerful strokes. The 
metal should not be “crowded” and reworking over the same surface 
should be avoided as much as possible. Spinning should be stopped as 
soon as the metal ceases to flow. The article should then be trimmed 
and annealed preparatory to the next operation. 

A hard-surfaced chuck should be provided for each operation so 
that the metal can always be pushed firmly against its surface. This 
procedure keeps the surface of the metal smooth and dense. The use 
of an insufficient number of intermediate chucks requires an excessive 
amount of cold working. This may result either in spinning a “knuckle” 
into the material, or in “pulling” the metal to a degree resulting in a 
pebbled surface. It is practically impossible to smooth out the former 
or to correct the latter by annealing. 

Figs. M-67 to M-69 illustrate the number of chucks and annealing 
operations necessary to spin cocktail shakers with hand tools from 
0.037-in. nickel, Monel and Inconel blanks respectively. These figures 
show also the amount of forming that may be done before annealing, 
and between intermediate annealing. 

Lubricants 

The lubricant is an important factor in the successful spinning of 
the three high-nickel materials. It should be heavy-bodied to with¬ 
stand the high pressures and temperatures encountered. Yellow laundry 
soap is used most frequently; beeswax, tallow, or a mixture of the 
two, are satisfactory also. The lubricant should be removed completely 
from the pieces before annealing. Lubricants containing sulfur or 
lead should never be used if the pieces are to be annealed, because of 
the embrittlement produced by these two elements. 

Tools 

Except for very light small shapes, the required pressure cannot be 
exerted with the ordinary bar, or hand, tool pivoted on a fixed pin. 
The majority of work requires the use of a tool that is mechanically 
adapted for the application of greater force, such as a compound-lever 
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NICKEL 
0.037" THICK 



Fig. M-67 —Sequence of operations used in spinning a deep Nickel cup. 


tool or roller tools which are operated by a screw. This operation is 
known as mechanical spinning and should be used wherever prac¬ 
ticable, because more power can be exerted with it with a minimum 
of friction. Roller tools should be used for the spinning of press-drawn 
shapes, to perfect the contour. 

One important feature of tool design, which should be followed 
wherever possible when spinning Monel, nickel and Inconel, is to 
make the tool broader and flatter than that normally used for other 
materials. The broader tool distributes plastic flow over a greater 
area and reduces over-straining. Otherwise the design of bar and 
roller tools for spinning the high-nickel materials does not differ from 
that of well designed tools used with copper. 

The use of suitable tool materials is essential to successful spinning. 
The most suitable material for bar tools is a highly polished, hard- 
alloyed bronze. Hardened tool steels are preferred for roller and beading 
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WORKING INSTRUCTIONS 


MONEL 
0.037" THICK 



Fig. M-68 —Sequence of operations used in spinning a deep Monel cup. 


tools. Tool materials such as common brass and carbon steels, which are 
used for spinning softer materials, are unsatisfactory for use with Monel, 
nickel and Inconel. 

Rotary cutting shears are the preferred type of tool for edge trim¬ 
ming. If rotary shears are not available, Stellite-tipped, hand trimming 
bars may be used, but the trimming speed must be reduced. Hand 
trimming bars should be ground so that there is a back slope of about 
15° to 20° from the cutting edge, and the cutting edge must be kept 
sharp at all times. Some spinners prefer a tool shaped like a thread¬ 
cutting lathe tool. This tool also has a back slope from the cutting 
edge. With it, the metal is not sheared off the edge; the tool is fed 
into the side of the spinning and a narrow ring is cut from the edge 
of the shape. 

Chucks 

Hard, nickel-chromium cast iron chucks give longer life and better 
results than wooden chucks. For limited production, hard maple or 
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INCONEL 
0.037" THICK 



Fig. M-69 —Sequence of operations used in spinfling a deep Inconel cup. 


birch chucks may be used for the intermediate operations. A metal 
chuck should be used for the final shape to permit the removal of tool 
marks from the previous operations against wooden chucks, to produce 
a denser texture in the finished surface and to reduce the time required 
for polishing the article. 

Speed 

There is no hard and fast rule for the rotating speed of the lathe. 
The speed is governed by the size and the thickness of the piece, the 
larger and heavier blanks being spun at a slower speed than the thin, 
small blanks. Most operators prefer to spin the high-nickel alloys at 
speeds approximately three-quarters to one-half those used ordinarily 
for spinning the same shape from the softer metals. Lathe speeds of 
from 250 to 1000 r.p.m. will generally be satisfactory. Trimming 
speeds necessarily must be very slow; the minimum speed of the 
usual lathe is not too slow for Monel, nickel and Inconel shapes. 
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WORKING INSTRUCTIONS 


GRINDING, POLISHING AND BUFFING 18 * 24 

A condensed sequence of operations and of recommended abrasive 
materials are given in Table M-32. 

Grinding (Welds) 

To grind down welds on heavy work on which the finish is unim¬ 
portant, use either a No. 14 grit or No. 24 grit rubber bond wheel. 
When finishing light gauge work for appearance, a finer wheel, such as 
No. 36 grit rubber bond, is preferred. 

Rubber or artificial resin bond wheels are desirable for grinding the 
high-nickel alloys. 

Avoid overheating the welds in grinding. Excessive grinding wheel 
heat may cause cracking of welds on thin sheets. 

Polishing (Roll-Head Wheels) 

Polishing involves a series of operations including “roughing,“dry 
fining,” “greasing” and “grease coloring”—all accomplished with roll- 
head wheels. Economy is obtained in polishing only by the correct selec¬ 
tion of wheels, abrasives, operating speed, and above all, the correct 
preparation of the wheels. 

Artificial abrasives should be used for grits up to No. 150 grit be¬ 
cause of their superior cutting characteristics. Turkish emery is-prefer¬ 
able for the finer grease-wheel finishes and for polishing preparatory to 
buffing. 

In general, there should be from 40 to 60 grit numbers between suc¬ 
cessive polishing operations. When preparing a surface for a buff finish, 
cross the scratches of the preceding coarser wheel, to be assured that 
the coarser marks are removed. 

Buiiing (Loose Disc Buii) 

Buffing operations performed with loose disc buffs include the “cut¬ 
ting-down” from the polishing scratches preparatory to obtaining a 
mirror finish by color buffing. The selection of wheels is highly impor¬ 
tant. The pocket-type buffs, made from high-count sheeting, hold the 
buffing compounds well and are also stiff enough to result in good cut¬ 
ting action. For the highest mirror finish, Canton flannel buffs charged 
with chromic-oxide compound are used. 

24 A.S.M. Handbook. 1683 ( 1939 ). 
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TABLE M-32 

Grinding, Polishing and Bulling ol Nickel, Monel and Inconel 


WORKING 


INSTRUCTIONS 


Finish 


Rough Grind 

Commercial 

Grind 

Fine Grind 

Fine Grind 

Fine Scratch 

Fine Scratch 

Scratch Brush 

or Satin 


Bright 

Bright 

Mirror 

Scratch Brush 

or Satin 

Wire Brush 

or Satin 

Butler 

or Satin 


Speed 
Surface 
ft. per min. 

8000 to 9000 
5000 to 6000 

6000 to 7500 

o 

T3 

o 

•o 

o 

■o 

o 

•u 

o 

*o 

1200 to 3000 

5000 

| 8000 to 9000 

000‘0I 

000*01 

5500 

4000 to 6000 

5000 


Compound 


Polishing Tallow or 
No. 180 Emery 
Grease Cake 

o 

•o 

Polishing Tallow or 
"F” Emery Grease 
Cake 

"F” Emery Grease 
Cake 

"F" Emery Grease 

Cake or "Grout" 

" Grout” 

Tripoli 

Aluminum Oxide 

Buffing Compound 

(White) 

Chromium Oxide 

Buffing Compound 

(Green) 

Lea Compound "N” 

Soap Bark Solution 

or Water 

Pumice With Oil 

Venetian Lime 

(Whiting) 

Tallow 
or Emery 

Grease 

Cake 


X 

X 

X 


& 


X 

X 


Wheels 

Rubber Bond Grinding Wheel or 
Vitrified Bond Grinding Wheel. 

Cotton Fabric Sewed Sections. Sec¬ 
tions Glued Together To Give De¬ 
sired Width—Soft Cushion Face. 

64-68 Unbleached Sheeting. Spiral 
Sewing, Sections Glued Together To 
Give Desired Width. Softer Cushion 
Face Than Needed For "Roughing” 
or "Dry Fining." 

88-88 Unbleached Sheeting, Same 
Construction As For Operation No. 

4 & No. 5, or, Quilted Sheep Skin 
Wheel. 

88-88 Unbleached Sheeting, Loose 
Spiral Sewed Sections or Loose 
Disc Wheel. 

Tampico Wheels 

Walrus Leather Wheel. When Two 
Operations Required, Second Usu¬ 
ally With Medium Density Felt 
Wheel. 

Same As Operation No. 7 

o 

•u 

Loose Disc Buff, or 88-88 Un¬ 
bleached Sheeting, or Canton 
Flannel. 

Same As Operation No. 7 

"Z” Nickel Wire Brushes 

Walrus Leather Wheel 

Canton Flannel Cloth (Hand 
Operation) 

Turk¬ 

ish 

Em¬ 

ery 


X 

X 

X 


Arti¬ 

ficial 

Abra¬ 

sive 

X 

X 

X 


Grit 

No. 

Tf SO 

CS ro 

o o 

sO 00 

100 

120 

150 

180 

200 

220 

o«~ « o 

55 oil 

- 

es 



i n 

>o 

*■» 

00 


o 

2 

«N 

fO 


»o 


Name of 
Operation 

Grinding 

Roughing 

Dry- 

Fining 

Greasing 

Greasing 

Grease- 

Coloring 

Grease- 

Coloring 

Brushing 

Bobbing or 
Sanding 

1 Cutting-Down 

Coloring 

Coloring 

"Lea” Method 

Wire-Brush 

Bobbing 

Cleaning 

sinjax 

I«J9U9Q 

ONlHSIlOd 

ONIidna 

SSHSINIi 

ivioads 









































































WORKING INSTRUCTIONS 


Tripoli compounds are used for cutting-down operations, and un- 
fused-alumina (white) or chromic-oxide (green) compounds are used 
for color buffing. Lime compounds, such as are used for buffing nickel 
plate, or rouge used for coloring brass, do not have sufficient cutting or 
coloring characteristics for high-nickel alloys and should not be used. 

Satin Finish 

One method of obtaining a satin finish is to polish with a grease 
wheel, usually No. 150 or No. 180 grit, and then grease color using a 
pocket-type buff charged with fine emery grease. A second method is 
to polish first with a grease wheel or rub down the part by hand with 
No. 180 to 220 production paper, then brush with a Tampico wheel 
charged with fine emery grease, or if the area is large and flat, spread 
a combination of emery flour and oil over the surface and brush with 
a Tampico wheel. 

Another method is to buff with a pocket-type buff charged with a 
greaseless compound. This compound is a moist mixture of glue and 
abrasive in stick form, which is charged to a loose disc buff. It is obtain¬ 
able in several grades. The compounds produce a very pleasing satin 
finish. 

Cleaning 

The final operation on all finishing jobs where polishing and buffing 
compounds have been used, is to sprinkle Venetian lime, “Whiting, 1 ” over 
the article and rub clean with a soft rag. A Canton flannel rag should 
be used on a mirror finish. 
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MACHINING 

Ease of machining is a function of physical and mechanical prop¬ 
erties. It is obvious, therefore, that the very desirable combination of 
high strength and high ductility, which characterizes the high-nickel 
alloys, should require machining procedures differing in details from 
those employed for metals and alloys that are not so usefully tough. 

The high-nickel materials are not difficult to machine. There are 
combinations of tooling, speeds, feeds and cutting compounds for each 
with which very good results can be obtained. 25 The important con¬ 
siderations are to: 

(1) use high-speed tools ground with sharp cutting edges, or cast non- 
ferrous or cemented carbide tools, if the set-up will permit their use, 

(2) keep the work well flooded with a cutting compound, and 

(3) avoid excessive speeds and feeds. 

It is important to have a good finish on machined parts that are to 
be exposed to corrosive conditions, because torn surfaces sometimes 
provide focal points for acceleration of corrosion. 

Stock for Machining 

Wrought Stock 

Monel and nickel cold-drawn rods or bars, in the as-drawn and 
stress-equalized condition, are best for machining. However, rods that 
are to be subjected to cold-forming operations should be of annealed 
material, even though the softer temper may be slightly less desirable 
for machining. 

Inconel rods or bars, cold-drawn and annealed are best for maximum 
machinability. Material having higher hardness values, or tempers, is 
correspondingly less readily machined. 

“K” Monel and “Z” Nickel, which are precipitation-hardening al¬ 
loys, are machined most readily in the annealed condition, but they 
are commercially machinable also at a Brinell hardness of about 275. 
At slower speeds, and with especially hard tools, they may be machined 
at hardnesses above 275 BHN. Whenever o nsiderable machining 
must be done, it is advisable to do the rough work . dth the alloys in the 
soft conditions, and the final machining after age-hardening. 
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WORKING INSTRUCTIONS 


Hot-rolled products are suitable for general machine work, espe¬ 
cially where maxima mechanical properties are not required, but hot- 
rolled rounds may not be sufficiently close to size to be generally suitable 
for use in automatic machines in which the bars are fed through collet 
chucks. Moreover, an allowance should be made on hot-rolled stock for 
cleaning up the surface if an accurate, finished diameter and an oxide- 
free finished surface are desired. The oversizes given in Table M-32 
are ample. 


TABLE M-33 

Suggested Allowance for Finish Machining of Hot-Rolled Products 


Size 

in. 

Rounds 

Flats, Squares and 
Hexagons 

Monel 

and 

Nickel 

“K” Monel 
“Z” Nickel 
and 

Inconel 

All Materials 

Up to incl. 

34-in. diam. over 

34-in. diam. over 

34 in. on each side 

1 to 1 y incl. 

34-in. diam. over 

34-in. diam. over 

^6 in. on each side 

2 to 2^8 incl. 

34-in. diam. over 

^f6-in. diam. over 

% in. on each side 

3 to 434 incl. 

24-in. diam. over 

34-in. diam. over 

%5 in. on each side 


Hot-rolled rods, 1-in. diam. and larger, of the materials listed in 
Table M-33 are produced also with a smooth-turned surface (Bright- 
man turned). 

Forged rods, 43 / 2 -in. to 12-in. diam., are produced with surfaces 
rough machined to tolerances, on the diameter, of plus % 2 in. and minus 
0.000 in. Finish-machined surfaces have a tolerance of plus 0.005 in. 
and minus 0.000 in. 

“R” Monel, an alloy developed especially for automatic screw 
machine work, has the required free-cutting properties. These have 
been obtained without impairing resistance to corrosion and without 
appreciable sacrifice of strength properties. The alloy must not be 
used if welding is involved. 

Cold-drawn tubing that is to be machined should be specified as 
“stress-equalized, for machining,” in order to avoid the possibility of 
warpage and distortion due to the relief, on machining, of the high 
stresses in the skin of the as-drawn material. Further details are given 
on page 119. Stress-equalized tubing will have a very light oxide tarnish. 
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Castings 

Castings differ materially from the wrought products in internal 
structure, and this must be considered in machining operations. The 
surface layers of castings are tougher than the interior sections, and 
therefore require roughing tool contours different from those that are 
best for the wrought products. Castings should be ordered “as cast,” 
with the possible exception of “S” Monel, which may be annealed to 
facilitate machining, and age-hardened subsequently to a hardness 
higher than that of the “as-cast” product. Further details are given in 
Section 0. 

Cutting Materials 

High-speed steels are satisfactory for general machining. A tool steel 
having a carbon content of 0.61 to 0.65 per cent, and heat treated to a 
Rockwell C hardness of 60 to 62, is suggested for tools subjected to shock, 
i.e., planer, shaper and milling tools. For continuous cutting, a 0.71 to 
0.75 per cent carbon, high-speed tool steel, hardened to Rockwell C 63 
to 65, is desirable. The super high-speed steels, containing cobalt and 
molybdenum, are preferable for light cuts and high-speed machining. 

Improved cutting materials—Stellite, tungsten carbide and tantalum 
carbide—when used under proper conditions, are superior to the high¬ 
speed and the super high-speed steels. The use of tungsten carbide tools 
is essential to best operation with the feeds and speeds recommended for 
“H” Monel and “S” Monel in Table M-34. 

Tool Angles 

Tools properly ground for cutting wrought nickel and high-nickel 
alloys differ in shape from those suitable for cutting mild steel only in 
that a slightly larger true-rake angle back from the cutting edge is 
required. This applies to all types of cutting tools and is illustrated by 
the sketches in Figs. M-70 to M-83, inclusive. 

The clearance angle should be kept at a minimum when machining 
the harder and tougher high-nickel alloys, Inconel and “K” Monel. For 
heavy, rough machining of these two alloys, it also is highly advan¬ 
tageous to grind a small land at the cutting edge, approximately % 2 -in. 
wide, as shown in Figs. M-87 and M-88. 

High-speed tools for lathe cutting of castings are shown in Figs. 
M-84 to M-86. 
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Fig. M-72— Rough-turning tool for heavy work. 
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Fig. M-74— Finish-turning tool for heavy work. 
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WORKING INSTRUCTIONS 



Fig. M-76— Rough-planing tool. Fig. M-77—, Finish-planing and 



parting too< 



Fig. M-78 — Rough-shaping tool for 



u° 


cuts up to in. 




Fig. M-79— Finish-shaping tool for cuts up to 1/32 in. 
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WORKING INSTRUCTIONS 



Fig. M-80 —Boring tool for cuts up to 1/32 in. For deeper cuts use larger 

nose radius. 



Fig. M-81 — Cross-section of 
high-speed steel tap showing 
desired 15° rake back from 
cutting edge. 




Fig. M-82 — High-speed steel chaser for 
cutting 34 in- National Coarse Thread 
showing desired 15° back rake. 




Fig. M-83— Lathe-threading tool. 
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Fig. M-84— Rough-turning tool for castings. 




Fig. M-85— Finish-turning tool for castings. 



Fig. M-86— Lathe-threading tool for castings . 


= 
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Fig. M-87 —Turning tool for “K” 
Monel and Inconel. 



showing ( a ) planing tool for finish¬ 
ing and parting and (6) shaping 
tool with small land. 




wrought materials. 

% 



Fig. M-90 —Twist drill angles for 
“H” Monel and “S” Monel castings. 



Fig. M-91 —Lathe tool set-up for nickel and high nickel-alloys. 
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Lubricants 

Rough turning, rough planing and shaping may be done dry. A 
cutting oil is essential for all other cutting operations. The correct use 
of a good lubricant results not only in increasing the speed of machining 
by approximately 25 per cent over that for dry cutting but also in a 
smoother finish. This latter is important on machined parts that must 
withstand corrosive conditions. All lubricants should be removed thor¬ 
oughly from the machined pieces if they are to be subjected to high 
temperatures either during subsequent fabrication or in service. 

Suitable cutting compounds for various classes of work are given 
in Table M-35. 


, TABLE M-35 

Cutting Fluids for Nickel and High-Nickel Alloys 

Cutting Fluid 


Operation 


Rough turning. 

Finish turning. 

Rough planing... 

Finish planing. 

Shaping. 

Milling... 

Drilling under % in... 

Drilling % in. to in. 

Drilling over in. 

Threading. 

Tapping. 

Boring. 

Reaming. 

Broaching. 

Cold sawing 

(Low-speed circular saw) 
Cold sawing 

(Hack saw, etc.). 

Grinding. 


Monel and Nickel 


Dry or water-soluble oil 
Water-soluble oil 
Dry or water-soluble oil 
Water-soluble oil 
Dry or water-soluble oil 
Sulfurized oil 
Turpentine or gasoline 
Lard oil 

Water-soluble oil (Monel) 
Sulfurized oil (Nickel) 
Sulfurized oil 
Sulfurized oil 
Sulfurized oil 
Sulfurized oil 
Sulfurized oil 

Sulfurized oil 

Water-soluble oil 
Water-soluble oil 


Inconel, “K” Monel and 
“Z” Nickel 


Dry or sulfurized oil 
Sulfurized oil 
Dry or sulfurized oil 
Sulfurized oil 
Dry or sulfurized oil 
Sulfurized oil 
Turpentine or gasoline 
Sulfurized oil (cut) 
Sulfurized oil 
Sulfurized oil 
Sulfurized oil 
Sulfurized oil 
Sulfurized oil 
Sulfurized oil 
Sulfurized oil 

Sulfurized oil 

Water-soluble oil 
Water-soluble oil 


Sulfurized oils, except with cemented carbide tools, give best results. 
These may discolor the work slightly but the tarnish can be removed 
easily by a pickling procedure described later in this Section. The 
manufacturers of cemented-carbide tools caution against the use of 
sulfurized oils and recommend the use of sulfur-free soluble oils instead. 
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Turning and Boring 

The practical lathe setup for turning and boring is the same as for 
mild steel. The only specific instruction is that the cutting edge of the 
tool be set on the center-line of the work as shown in Fig. M-91. Best 
results are obtained with deep cuts and light feeds. 

Suggested cuts, feeds and speeds for lathe turning, as determined 
by dry machining tests and 60-min. tool breakdown runs, are given in 
Table M-34. These speeds must be reduced for boring and may be 
increased about 30 per cent for wet cutting. 

Recommended speeds and feeds for automatic screw machine turn¬ 
ing of “R” Monel—a free-machining grade produced especially for such 
work—are listed in Table M-36. 


TABLE M-36 


Recommended Feeds and Speeds for Automatic 
Screw Machining of "R" Monel 


Operation 

Width of Cut, 
in. 

Feed 

in. 

Speed 
ft. per min. 

Box-tool: 




Roughing. 

Ml 

0.006 

100-125 


He 

0.005 

100-125 


Vs 

0.004 

100-125 

Finishing. 

0.005 

0.010 

100-125 

Cut-off: 




Circular tooll. 

He to Vs 

0.001 

100-125 

Straight tool / 




nnHpr 1/o-in Hiam. 


0.0005 

100—125 

Forming-tool: 




Circular. 

h to a 

0.0006 

100-125 


n to y 2 

0.0005 

100-125 


VstoV 

0.0004 

100-125 


i 

0.00025 

100-125 

Balance Turning-tool: 




Turned diam. under % in. 

[Mi 

0.006 

100-125 


\M« 

0.005 

100-125 

over ^ in. 

[Mi 

0.012 

100-125 


W« 

0.010 

100-125 


Drilling 

Standard twist drills, as furnished by the manufacturers, have proper 
angles for drilling wrought Monel and nickel but larger included-point 
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angles are desirable for Inconel and “K” Monel. Fig. M-89 gives 
typical illustrations. 

Only high-speed, or super high-speed steel drills should be used, 
and polished flutes are preferable. For maximum cutting speeds, heavy- 
duty 18-4-1 steel drills should be used for holes under ^-in. diam. 
Cobalt super high-speed drills are best for larger hole sizes. The 
speeds and feeds shown in Table M-37 are recommended values. Feeds 
and speeds for drilling free-machining “R” Monel are given in Table 
M-38. 

Fig. M-90 shows special drill angles that are preferred by some 
machinists for drilling “H” Monel and “S” Monel castings. The Na¬ 
tional Twist Drill and Tool Company, using % 6 -in. diam. standard 
high-speed twist drills, have found that the speeds and feeds given in 
Table M-39 are suitable for cast materials. The drills had a standard 
point angle of 118° for all materials except Inconel with which better 
results were obtained by using an angle of 135°. The web was reduced 
to 0.037-in. thickness for all the cast materials. 

TABLE M-38 


Recommended Feeds and Speeds for Drilling "R" Monel 


Drill Size, in. 

Feed, in. 

Speed, ft. per min. 

!4. 

0.002 

60-75 

%. 

0.0025 

60-75 

y 8 . 

0.003 

60-75 

y 6 . 

0.0035 

60-75 

y . 

0.004 

60-75 

y 6 . 

0.0045 

60-75 

y s . 

0.005 

60-75 

y 2 . 

0.006 

60-75 

y 8 . 

0.008 

60-75 




TABLE M-39 

Recommended Feeds and Speeds for Drilling Cast Materials 


(Tests Conducted With 5/16-in. Diam. Drill to Depth of 1 in.) 


Material 

Condition 

Speed, surface 
ft. per min. 

Feed 

in. per rev. 

Monel. 

As-cast 

70 

0.005 

“H” Monel. 

As-cast 

60 

0.005 

“S” Monel. 

As-cast 

35 

0.0035 

“S” Monel. 

Annealed 

50 

0.0035 

“S” Monel. 

Hardened 

27 

0.0035 

Nickel. 

As-cast 

200 

0.005 

Inconel. 

As-cast 

30 

0.0035 
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Reaming 

Sharp, spiral-fluted, high-speed steel reamers with narrow lands and 
well polished flutes, are recommended. Approximate speeds are cited in 
Table M-40. 


TABLE M-40 

Feeds and Speeds for Reaming 


Speed 
ft. per min. 

Hole 

Diameter 

in. 

Feed 

in. per rev. 

Metal to be 
Removed 
in. diam. 

Monel 

Nickel 

"K” Monel 
(unhardened), 
“Z” Nickel 
(unhardened), 
Inconel 

25-35 

10-15 

VstoX 

0.003-0.005 

0.005 

25-35 

10-15 

Vi to H 

0.005-0.009 

0.008-0.012 

25-35 

10-15 

to 1 

0.009-0.020 

% 

25-35 

10-15 

1 to 2 

% 

% 


Thread Chasing 

Thread chasing should be done with self-opening dies having a 
15°-hook, as shown in Fig. M-82, instead of the usual 7° to 8° used on 
dies for steel. A speed of 20 to 25 ft. per min. is suggested for thread 
chasing Monel and nickel. Satisfactory speeds for “K” Monel, “Z” 
Nickel and Inconel are 10 to 15 ft. per min. For “R” Monel, speeds of 
25 to 35 ft. per min. may be employed. 


Lathe Threading 

For lathe threading, the tool should have a back-rake angle of 6° 
to 9° and a side-rake angle of 9° to 12°, as illustrated in Fig. M-83. 
V-threads may be machined in Monel and nickel at speeds of 25 ft. per 
min. with light cuts, and Acme or square threads at approximately 10 
to 15 ft. per min. With “K” Monel, “Z” Nickel and Inconel, it is 
necessary to reduce the speeds to 15 ft. per min. for V-threads, and 5 to 
10 ft. per min. for straight or Acme threads. 

Tapping 

National standard, four-fluted, high-speed steel plug taps, with 
ground threads and 7°-spiral flutes, and four-fluted, spiral-pointed plug 
taps, are recommended for machine-tapping. The plug taps have a 
four or five thread chamfer. If more chamfer may be tolerated, it is 
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advantageous to extend the taper. The flutes should be ground to give 
approximately a 15°-lip angle, and the tap also should be “backed off.” 
On 1%-in. and larger sizes, skip-thread taps give excellent results. 

Wrought Monel and nickel can be tapped at speeds of 20 to 25 ft. per 
min. “K” Monel and “Z” Nickel which have not been age-hardened, 
and Inconel, can be tapped at approximately 12 to 15 ft. per min. “R” 
Monel can be tapped in automatic machines at speeds of 25 to 35 ft. 
per min. 

Planing 

The setup for planing or shaping the high-nickel materials is the 
same as for mild steel. Roughing is usually done dry, but for improved 
surface it is advisable to use a sulfurized cutting oil for finishing cuts 
and for parting. 

Correct designs of planer tools are shown in Figs. M-76 and M-77. 
Some feeds, cuts and speeds that have been used satisfactorily on 
production jobs are listed in Table M-41. 


TABLE M-41 

Feeds and Speeds for Planing (Heavy Work) 



Roughing Tool 

Fig. M-76 

Finishing Tool 

Fig M-77 

Parting Tool 
Fig. M-77 

Depth of Cut, in. 

He 

Vs 

H 

Vs 

0.020 

0.015 

0.010 

0.005 to 0.010 

Feed, in. 

% 

He 

% 

% 

% 

% 

3 A 


Speed 

ft. 

per 

min. 

Forged 

Monel 

Nickel 

25 

25 

25 

25 

25 

35 

30 

30 

Forged 
Unhardened 
“K” Monel 
Inconel 

15 

15 

15 

15 

15 

25 

20 

20 


Milling 

Milling chips from the high-nickel materials tend to curl rather than 
to break up into fine shreds or powder. To facilitate the removal of the 
curling type of chip, cutters should be ground with a back-rake angle 
of 10° to 15° from the cutting edge. Coarse-tooth cutters are preferable. 
Plain, or barrel, milling cutters should be of the heavy-duty, spiral-fluted 
type. Alternating tooth or interlocking side millers are best for deep 
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holes or for slitting. If only straight-tooth milling cutters are available, 
the sides of the teeth should be cut on a slight taper, widest at the 
cutting edge. For narrow slotting, high-speed steel slitting saws with 
alternate teeth chamfered, are most satisfactory. This type of circular 
saw, which is used for cutting copper, is ground concave on the side for 
clearance. 

The surface speeds and feeds that may be used depend a great deal 
upon the strength and rigidity of the milling machine. For general prac¬ 
tice in milling Monel and nickel, an average cutting speed of 50 to 65 
ft. per min., with a feed of 0.005 to 0.010 in. per tooth, depending on 
the depth of cut, is satisfactory usually, assuming, of course, that the 
setup is favorable. With Inconel, “Z” Nickel and “K” Monel, which 
have not been age-hardened, the surface speed of the cutter must be 
reduced to around 40 ft. per min. with a feed of from 0.003 to 0.006 
in. per tooth. Age-hardened “K” Monel and age-hardened “Z” Nickel 
are too hard for milling. Large castings of Monel, nickel and Inconel are 
being milled commercially in a No. 5 Cincinnati milling machine, using 
an 824-in. diam. mill with 10 inserted lj4‘in. x in., high-speed steel 
teeth. The teeth are set in the cutter body so that the rake angle from 
the cutting edge is 15°. For Monel and nickel, a surface speed of 37 ft. 
per min., and a feed of approximately 0.025 in. per tooth (4J4 in. per 
min.) are used in taking cut. With the same feed and cut, 

Inconel is milled at a cutting speed of 25 ft. per min. 

"KIT* Monel 

A product related to “K” Monel, marketed under the trade mark 
“KR” Monel, is available in rod and wire forms, in the unage-hardened 
condition, for difficult machining operations. It may be age-hardened 
subsequently by the procedure given on page 45 for “K” Monel. 

Recommended speeds, feeds and cuts for lathe turning this alloy 
are the same as those given for wrought Monel and nickel in Table M-34. 

In automatic screw-machining operations, the cuts and feeds recom¬ 
mended in Table M-36 for “R” Monel may be used for “KR” Monel 
also; however, the cutting speed must be reduced to 60 to 80 feet per 
minute. 

For drilling, reaming, tapping, threading, planing and milling the 
same speeds and feeds recommended in this Section for wrought Monel 
and nickel should be used. 

* Reg. U. S. Pat. Off. 
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PRECISION GRINDING 

Methods of grinding the high-nickel materials do not differ from the 
practice followed with steel. When the last operation is to be grinding, 
and the material to be removed is not too great, all the work may be 
done on a grinding machine using a roughing and finishing operation. 

If an extremely accurate ground finish is required, it is advisable, 
particularly if the material is of hard temper, to remove the bar from 
the lathe or grinder after the final roughing cut or grind, and set it 
aside for a day or two. This gives sufficient time for the adjustment of 
internal stress to avoid slight distortion of the work. Finish grinding 
may then be done without causing further distortion. 

The grinding wheels should be sufficiently soft to yield a moderate 
rate of wear. Hard wheels are likely to embed abrasive grains in the 
material being ground, which subsequently may cause scratching of a 
rubbing part in service. 

Grinding conditions should be severe enough to yield slight, wheel 
break-down action, viz., roughing cuts of 0.0005 in. and finishing cuts of 
0.00025 in. 

A continuous stream of a soluble lubricant of good quality for grind¬ 
ing should be flowed on the metal. The lubricant not only insures a 
better finish, but it also keeps the wheel from loading, reduces the 
necessity for dressing the wheel, and allows grinding to much closer 
limits. Leading manufacturers of grinding wheels should be consulted 
for specific recommendations. 

A specific case is the surface grinding of cold-rolled, annealed Monel 
and nickel flats used for “plater-bars.” The wheel for this purpose is a 
No. 60 grit, silicon-carbide abrasive, synthetic resin-bonded, 14 in. in 
diameter with a 3-in. face, running at 1200 r.p.m. (4,400 surface ft. 
per min.). 

Grinding Experiments 

Tests on wrought, high-nickel alloys have been conducted by the 
Norton Company, Worcester, Mass., to determine wheel recommenda¬ 
tions for cylindrical, surface, and internal grinding and for cutting-off. 
Equivalent wheels of other manufacture should give similar results. 

An abstract of their test conclusions follows. 
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Cylindrical Grinding 

Crystolon (silicon carbide) abrasives have been found, quite con¬ 
clusively, to be superior to those of Alundum (aluminum oxide), for 
cylindrical grinding of Monel, nickel, Inconel, “K” Monel, and “Z” 
Nickel rounds. Norton’s 3760-J8 Crystolon vitrified grinding wheels 
are recommended.* 

A suitable grinding compound, correctly mixed, must be used to 
obtain good finishing results. 

Operation Data 


Machine.Norton 10-in. x 36-in./A’ type. 

Wheel.Norton 3 760-J8. 

Wheel Size .... 18-in. diam. x 2-in. face x 5-in. arbor hole. 

Wheel Speed . . . 6000 surface ft. per min. 

Work Speed ... 88 r.p.m. (work 2-in. diam.) 

Table Traverse . . (roughing-90 ft. per min. 

/finishing—63 to 77 ft. per min. 

Feed per Pass . . . (roughing-0.001 in. to 0.0005 in. 

^finishing—0.00025 in. 

Wheel Truing . . . Diamond, wet 


Grinding Conditions . Wet 
Surface Grinding 

The materials to be ground should be stress-equalized annealed in 
order to keep the stock flat. Listed below are grinding wheels that have 
been found to be most satisfactory for this work. 


Wheel ( Norton) 

Material Rotary Grinder Reciprocating Grinder 

Monel . 3860-K8BE 3860-I8BE 

Nickel . 3860-K8BE** 3860-I8BE 

Inconel . 3860-K8BE 3780-L5 


* It is quite feasible to use, in grinding age-hardened "Z" Nickel, a wheel one grade harder to 
meet the excessive wheel wear produced. 

•* In the Norton Company’s wheel code, the first number designates the abrasive (38 indicates 
aluminum oxide and 37 indicates silicon carbide). The recommended abrasive for surface grinding 
is the reverse from that for cylindrical grinding; only in the case of Inconel have Crystolon wheels 
been found superior to those of Alundum. 
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Operation Data 



Work Motion 


Rotary 

Reciprocating 

Machine. 

Pratt and Whitney 

Norton No. 1, 6 in. x 


vertical spindle 

8 in. 

Wheel Size . . . . 

8-in. diam. x 3-in. 

8-in. diam. x ^-in. face 


face x 4-in. arbor 
hole, P&W cup, 54- 
in. rim 

x lj4-in. arbor hole. 

Wheel Speed . . . 

4200 surface ft. per 

5000 surface ft. per min. 


min. 


Table Speed . . . 

50 r.p.m. 

400 in. per min. 

Cross Feed . . . . 


0.050 every other cross 
stroke. 

Rate of Down Feed . 

Roughing 0.001 in. 

Roughing—0.001 in. per 


per r.p.m. 

pass 

Finishing — 0.0005 in. 



per pass. 

Dressing . . . . 

Huntington, fine 

Diamond, fine 

Grinding Condition . 

Wet 

Wet 

Internal Grinding 




Crystolon abrasive wheels produce internal finishes superior to those 
produced by Alundum. The best finish on cold-drawn Monel, nickel and 
Inconel seamless tubing was obtained with a 3760-K5, vitrified Crysto¬ 
lon wheel which can be used for both roughing and finishing. If finish 
is not important, a No. 60-K5 vitrified Alundum wheel can remove 
metal more rapidly in roughing on Monel and nickel only, but the finish 
is poor. 


Operation Data 
Wheel Speed . . 

Wheel Size . . . 
Work Speed . . 

Traverse . . . 

Rate of Feed . . 
Grinding Condition 
Size of Material . 


3200 surface ft. per min. 

1-in. diam. x in. face x y^- in. arbor hole. 
156 r.p.m. 

40 in. per min. 

0.0003 in. to 0.0004 in. per pass on diam. 
Wet 

1-in. IPS 
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Cutting Off 

A 36/2-V8R Alundum rubber wheel, operated at 14,500 surface ft. 
per min. wet, produced the best all-around results for cutting off solids, 
rounds, and tubular sections in Monel, nickel, Inconel, “K” Monel, and 
“Z” Nickel. This type of wheel produced moderate to rather heavy burrs 
and a very slight burning. To eliminate such effects entirely, a finer 
wheel is suggested, namely 80/2 XIOR Alundum rubber wheel. 

For tubular sections, dry cutting will be found more satisfactory 
because of the elimination of burrs. 

The foregoing results of actual tests are indicative only and cannot 
be used as definite wheel recommendations, because the dimension of 
the wheel, its surface speed, the type of grinding, and the material to 
be ground must be considered before specific wheel recommendations 
are made. Only the wheel manufacturer is in a position to do this, and 
he should be consulted on specific cases. 

The Chrysler Corp., Detroit, Michigan, have successfully conducted 
grinding tests on high-nickel, wrought materials and in consequence are 
familiar with “Super-finishing” these materials. 
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BEARINGS 

Shafting or journals of wrought Monel, nickel and Inconel run as 
well as those of carbon steel in any typical tin- or lead-base, babbitt- 
lined bearing. This, however, is not the case with all bronze bear¬ 
ings. A bronze bearing that works satisfactorily with a carbon steel 
journal may seize on a journal of a high-nickel material. This condi¬ 
tion is remedied usually by increased clearance, better alignment, or 
improved lubrication, which result in the bearing running cooler. 
However, properly selected bronze bearings will function as well with 
high-nickel alloy journals as with steel journals. 

The galling characteristics of high-nickel materials cause them 
to develop more frictional heat than does steel when in contact with 
some bronzes, thus resulting in greater expansion of the high-nickel 
journal and the bearing; if the bearing is not designed to expand freely, 
it will close in on the journal and seize. Comparative data on thermal 
expansion of these metals are given in Tables E-l and 1-1. 

The almost greasy smoothness of high-lead, low-tin bronzes and 
their characteristic of readily conforming to the shape of the journal, 
make them the most suitable for use with the high-nickel materials under 
water and under adverse lubrication conditions. One of the most 
common used bronzes in this group is the 70-10-20 copper-tin-lead 
composition. 

Bronze bearings of the 80-10-10 copper-tin-lead, 85-5-5-5 copper- 
tin-lead-zinc, or 88-10-2 copper-tin-lead compositions, and special hard 
copper-base alloys, may be called for because of their superior me¬ 
chanical properties, but with high-nickel journals very accurate fit and 
alignment and good positive lubrication are required. 

Soft rubber bearings are very satisfactory with Monel shafts for 
underwater applications such as stern bearings, outboard strut bearings 
in motor boats, and bearings for deep-well pumps. 

Graphite-lined, graphite-impregnated, and graphitized bronze bear¬ 
ings are quite satisfactory and useful under conditions of medium 
speed and of medium to heavy loads, where adequate lubrication is 
doubtful. 

Bearings of graphite-lined cast Monel or nickel, cast “S” Monel, 
cast special nickel, rubber, and housings hard-faced with Stellite No. 6 16 
or Colmonoy No. 6 15 are satisfactory in contact with high-nickel alloys 
under corrosive conditions. 
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When the mechanical design of the equipment dictates the use of 
ball or roller bearings under corrosive conditions for which Monel or 
nickel would be suitable, “K” Monel or “Z” Nickel bearings may be 
obtained. There is very little choice between the two from the load¬ 
carrying standpoint and the selection would be on the basis of resist¬ 
ance to corrosion. “K” Monel has been by far the more widely used 
to date. These materials do not approach the load-carrying capacities 
of the usual ball-bearing steels, but offer good mechanical properties 
together with inherent resistance to corrosion. 

Bearing tests in the region of semifluid or boundary lubrication have 
been made. 26 Bearings, 2 l /z- in. diam., were mounted in a rigid housing, 
loaded lightly, and their performance studied. Special consideration 
was given to journal finish and its measurement. 

Age-hardened “K” Monel journals (330 BHN) were found to give 
a better performance than a 3.5 per cent nickel steel when run against 
a tin-base babbitt bearing containing 85 per cent of tin. The results 
are summarized in Table M-42. The excellent finish and high hardness 
that can be developed in “K” Monel are responsible for its good per¬ 
formance. 

TABLE M-42 

Performance of Age-Hardened "K" Monel and 3.5 Per Cent Nickel 


Steel Journals in a Tin-Base Babbitt Bearing 




Maximum 



Coefficient of Friction 




Hard¬ 

Depth of 











Material 

Grinding 











ness 

Brinell 

Scratches 

microin. 

Starting Friction 

Running Friction 


3000 kg. 















Before 

After 

5 

10 

15 

20 

28 

5 

10 

15 

20 

28 

_ 


Test 

Test 

psi. 

psi. 

psi. 

psi. 

psi. 

psi. 

psi. 

psi. 

psi. 

psi. 

Age-hardened 

“K” Monel. 

3.5 percent Nickel 













— ■ 

330 

36 

36 

1.05 

0.65 

0.55 

0.5 

0.5 

0.18 

0.11 

0.08 

0.07 

0.06 

Steel. 

217 

89 

80 

1.3 

0.95 

0.85 

0.80 

n 75 


0.12 

0.10 

0.09 

0.09 


yj./ d 

U. *0 


At temperatures above which the bronzes and babbitts are useful, 
tests 27 in steam at 750°F., with a load of 25 psi. and at a speed of 235 
r.p.m., indicate that wrought Monel will not seize when operated against 

“ Boundary Friction in Bearings at Low Loads. L. M. Tjchvinsky and E. G. Fisher. /. Atstslied 
Mechanics. 6. No. 3, 109-13 (1939). 

T (i e Seizing of Metals at High Temperatures. N. L. Mochel. Proc. Am. Soc. Testing Materials. 
28, Part II, 269-75 (1928). 
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“S” Monel, nitrided steel, Ni-Resist,* nickel-chromium cast iron, grey 
cast iron, and chromium-plated carbon steel. 

The Bearium Metals Corporation, Rochester, N. Y., has done exten¬ 
sive investigative work in determining the grade of Bearium Metal that 
will give satisfactory frictional results with various shafts of the high- 
nickel alloys. As a result, they are in a position to assist users of such 
shafts in designing and arranging their bearings so that satisfactory 
operation is possible under conditions of operation that are prohibitive 
to ordinary bearing metals and shafts. 

Ampco Metal, Inc., Milwaukee, Wis., has also studied bearing action 
of their hard bearing alloys operating on high-nickel shafting. This 
company should be consulted when a hard, aluminum-bronze type of 
bearing may be required for a specific operating condition. 

• Reg. U. S. Pat. Off. 
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PICKLING 

The types of oxide produced on Monel, nickel and Inconel vary 
with the heating conditions, and the proper pickling solution for each 
case must be chosen accordingly. A more detailed discussion of the* 
pickling of Monel, nickel and Inconel is given elsewhere. 28 


Cleaning 

Before any attempts at pickling are made, all grease, drawing com¬ 
pounds, lubricants, and other adhering foreign matter acquired during 
mechanical operations must be removed completely. Soluble oils can 
be removed with soap and hot water, followed by thorough rinsing in 
hot or warm water. Tallow, fats and fatty acids can be removed by 
exposing the work to a hot solution containing 10 to 20 per cent of 
soda ash (sodium carbonate) or caustic soda (sodium hydroxide). 
Mineral oils and greases are removed best by organic solvents such as 
gasoline, kerosene, carbon tetrachloride or other chlorinated solvents, 
followed by a final dip in a 10 to 20 per cent solution of either caustic 
soda, trisodium phosphate, or a mixture of both. For removing drawing 
lubricants from tubing, prior to annealing, immerse for one-half hour in 
a solution containing 10 to IS per cent of sodium carbonate and of sodium 
triphosphate, at 180° to 200°F., rinse thoroughly inside and outside, and 
dry. 

Removal of Tarnish by Flash Pickling (Bright Dips) 

This treatment is applied to drawn and spun shapes, cold-headed 
rivets, cold-drawn wire and other cold-worked products that have been 
bright annealed in a strongly reducing, sulfur-free atmosphere, and 
cooled either out of contact with air or by quenching in a 1 or 2 per 
cent (by volume) alcohol solution. 


Monel and "K" Monel 

Best results on Monel and <l R” Monel are obtained by the use of 
two solutions, as follows: 


First Dip—Formula M-l 

Water . 1 g a J- 

Nitric acid (38° Be). / lga J> 1 u 

Common salt. 72 to 34 lb- 

Temperature .. to 100 F. 

Time .not over 5 sec. 

Container—earthenware crocks, glass, or ceramic vessels. 


1000 cc. 
1000 cc. 

60 to 90 gm. 
21° to 38°C. 


28 Pickling Monel, Nickel and Inconel. Technical Bulletin T-21, January 1942. The International 
Nickel Company, Inc., New York, N. Y. 
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The parts should be cleaned thoroughly in the first dip, using only 
a short time for each exposure, then rinsed in hot water (180°F.), 
followed by a rapid dip in the second solution consisting of: 


Second Dip—Formula M-2 

Water . 1 gal. 

Nitric acid (38° Be). 1 gal. 

Temperature .70° to 100°F. 

Time .not over 5 sec. 

Container—18-8 stainless steel, glass, or ceramic vessels. 


1000 cc. 
1000 cc. 
21° to 38°C. 


The second dip should be followed by rapid rinsing and neutraliz¬ 
ing in 1 to 2 per cent (by volume) ammonia solution (4 to 8 fl. oz. com¬ 
mercial aqua ammonia in 1 gal. of water). The parts should then be 
dried by dipping in boiling water, followed by rubbing in dry sawdust, 
or with a dry cloth. 

Nickel and "Z" Nickel 

Only one dip for nickel is required. Use Formula M-3. 


Formula M-3 

Water . 1 gal. 

Sulfuric acid (66° Be). 1/4 gal. 

Nitric acid (38° Be). 2J4 gal. 

Allow to cool and add : 

Common salt . /41b. 

Temperature .70° to 100°F. 

Time . S to 20 sec. 

Container—earthenware crocks, glass, or ceramic vessels. 


1000 cc. 
1500 cc. 
2250 cc. 


30 gm. 
21° to 38°C. 


The parts are warmed first by dipping in hot water, after which 
they are immersed in the acid bath. 

The fumes from these flash pickles for Monel and nickel are dis¬ 
comforting and a hood or ventilating system should be provided. 


Inconel 

It is impractical for the average shop to bright anneal Inconel and 
therefore no consideration need be given to bright or flash pickling 
such as can be accomplished with Monel and nickel. Flash pickling is 
used on Inconel only after the oxide or scale has been removed as will 
be described under the heading “Removal of Oxide Film or Scale.” 
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Removal of Reduced Oxide 

This treatment is applied to forgings, hot-rolled shapes, hot-rolled 
wire rod in coil, and other hot-worked products that have been oxidized 
but where the oxide has been reduced by heating in a strongly reduc¬ 
ing, sulfur-free atmosphere, followed by cooling out of contact with air 
or by quenching in 2 per cent (by volume) alcohol-water solution. 


Monel, "K" Monel, Nickel and "Z" Nickel 

The solution of Formula M-4, following, works equally well for all 
four materials. 


Formula M-4 

Water . \ 8 al - 

Sulfuric acid (66° Be).. V\ Pt- 

Sodium nitrate (crude) . V* lb. 

Common salt . 1 lb- 

Temperature .180° to 190° F. 

Time . 30 to 90 min. 

Containers—earthenware crocks, glass or ceramic vessels, or, for short time 
usage, wooden barrels. 


1000 cc. 

95 cc. 

65 gm. 

110 gm. 

82° to 88°C. 


After pickling, the parts should be rinsed in hot water and neu¬ 
tralized in a 1 to 2 per cent (by volume) ammonia solution. This pick¬ 
ling operation is often facilitated by occasional intermediate scrubbing 
with pumice on a fibre brush. 

It is advisable to maintain separate solutions for Monel and nickel. 
They work better after having been used a while; therefore, in making 
up new solutions, about 2 per cent (by volume) of spent solution 
should be added to the fresh solution. 


Inconel 

Since it is not practical to bright anneal Inconel under average shop 
conditions, no procedure is offered for the pickling of that alloy to 
remove reduced oxide. 

Removal of Oxide Film or Scale 

This treatment is applied to forgings, hot-headed bolts, all hot-rolled 
and hot-formed products, and pieces that have been annealed in oxidiz¬ 
ing atmospheres, or allowed to cool in air, and for age-hardened, cold- 
rolled “K” Monel strip. Two solutions are required for Monel and ”K” 
Monel. 


•160* 





















WORKING INST RUCTIONS 


Monel and "K" Monel 


First Dip—Formula M-5 

Water . 1 ga l. 

Hydrochloric acid (20° Be). gal. 

Cupric chloride . y lb. 

Temperature . 180°F. 

Time ..20 to 40 min. 

Containers—earthenware crocks, glass, ceramic or acid-proof, brick-lined 
vessels. 


1000 cc. 
SOOcc. 
30 gm. 
82°C. 


Formula M-S may be used for age-hardened “K” Monel strip if a 
clean, semi-bright surface is desired; for a shiny surface, use formula 
M-6. 

The cupric chloride may be omitted if not readily available, al¬ 
though it is recommended that it be used since the pickling process is 
slow in its absence. 

Rinse in hot water and immerse in the second dip for brightening. 


Second Dip—Formula M-6 


Water . 1 gal. 

Sulfuric acid (66° Be). Mo gal. 

Sodium dichromate . lMolb. 

Temperature .70° to 100°F. 

J ime .. S to 10 min. 


Containers—earthenware crocks, glass or ceramic vessels, or 
tanks. 


1000 cc. 
100 cc. 
132 gm. 
21° to 38°C. 

rubber-lined 


Follow with a rinse in cold water, and then neutralize in 1 to 2 
per cent (by volume) ammonia solution. 

Nickel and "Z" Nickel 

The hydrochloric acid-cupric chloride first dip solution (Formula 
M-S) recommended for Monel can be used for nickel also, but a longer 
time, 1 to 2 hours, is required. 

Rinse with hot water and if brightening is required, dip for a few 
seconds in Formula M-3 and follow by rinsing in cold water and neu¬ 
tralizing in a 1 to 2 per cent (by volume) ammonia solution. 


Inconel 

During hot-working or annealing in oxidizing atmospheres Inconel 
acquires a tenacious oxide film that is more difficult to remove than 
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those formed on Monel and nickel. The following solutions have been 
found adequate for the removal of this oxide. 

For all types of oxide, both thick and thin, use Formula M-7. 


Acid Formula—Formula M-7 


Water . 

Nitric acid (38° Be). 

Hydrofluoric acid (40 per cent) 

Temperature . 

Time ... 

Container—carbon brick is best. 


1 gal. 

1 gal. 

i}4pt. 

70° to 100°F. 
IS to 90 min. 


1000 cc. 
1000 cc. 
150 cc. 
21° to 38°C. 


If the oxide is thin (greenish chromic oxide), the following pro¬ 
cedure should be followed, particularly because of the greater ease of 
handling the solutions. Two solutions are required. 


First Dip—Formula M-8 

Water .. .. * gal * 

Sodium hydroxide (caustic soda). 18 oz. 

Sodium carbonate (soda ash). 18 oz. 

Potassium permanganate (permanganate 

Temperature . 180 t° 190 ** 

Time . 2hr - 

Container—steel tank. 


1000 cc. 

134 gm. 
134 gm. 

52 to 82 gm. 
82° to 88°C. 


The work should not be rinsed; it should be carried directly to the 
acid solution (second dip). 


Second Dip—Formula M-9 

Water . ? g **‘ 

Sulfuric acid (66° Be). *0^” 

Copper sulfate or copper nitrate. V /2 oz. 

Temperature .180°to^l90 F. 


Containers—wood, earthenware, glass, ceramic, or acid-proof, brick-lined 
vessels. 


1000 cc. 

63 cc. 

12 gm. 
82° to 88°C. 


Follow by rinsing in cold water and neutralizing in 1 to 2 per cent 
(by volume) ammonia solution. 

It is difficult to say which method of pickling Inconel is better. The 
nitric-hydrofluoric acid pickle works well for shop practice and may 
be preferred to the alkaline-acid procedure. 


Paste-Pickling 

It is desirable sometimes to use paste pickles for large pieces that 
are difficult to immerse in pickling solutions. 
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Monel and "K" Monel 

The treatment is applied to hot-rolled plate, forgings, tanks, drawn 
shells and other large pieces. Use Formula M-10. 

Formula M-10 

Lampblack . 115 

Fuller’s earth . *.'*.* 10 lb! 

Hydrochloric acid ( 20 ° Be).. .*!!!3 Ra \ 

Nitric acid (38° Be). ^ pt. 

Cupric chloride. 1 to 2 lb. 

Temperature .70° to 100 °F. 

Time . 20 to 60 min. 

Mix in a crock, butter tub, or similar container and apply with a 
long-handled brush for large surfaces, or an ordinary paint brush for 
smaller work. Wash off with a hose and follow with a scrub with sand 
or pumice. In cold weather, cold wash-water will cause Monel to tar¬ 
nish. This is prevented by spreading a creamy lime paste directly on 
the pickle and thoroughly mixing to neutralize the acid. A cold-water 
wash may then be used. The lime treatment is unnecessary if hot water 
is used for washing. 

Nickel and "Z" Nickel 

This treatment is applied to hot-rolled plate, forgings, tanks, drawn 
shells, nickel-clad steel plate, tanks and other large pieces. 

Use Formula M-10 and follow the same procedure as for Monel. 
A longer time is required to descale nickel—2 to 4 hours or longer— 
depending upon the thickness and the nature of the scale. Nickel does 
not tarnish with cold-water washing; hence, the lime treatment may 
be omitted. 


100 gm. 
1000 gm. 
2500 cc. 
52 cc. 

100 to 200 gm. 
21 ° to 38°C. 


Inconel 

The treatment is applied to hot-worked and annealed parts carry¬ 
ing oxide, Inconel-clad plate, tanks and other large pieces. 

Most oxidized Inconel work requires two treatments. 


First Treatment—Formula M-ll 


Lampblack . 1 lb. 

Fuller’s earth . 10 lb. 

Hydrochloric acid (20° Be). 3 gal. 

Cupric chloride . 2 lb. 

Temperature . 70 ° to 100°F. 

Time . 1 to 3 hr. 


100 gm. 
1000 gm. 
2500 cc. 
200 gm. 
21 ° to 38°C. 
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Second Treatment—Formula M-12 


Lampblack .. 

Fuller’s earth . 

Nitric acid (38° Be). 

Hydrochloric acid (20° Be) 

Temperature . 

Time . 


lib. 

101 b. 

2*4 gal. 

Va gal. 

70° to 100°F. 
IS to 60 min. 


100 gm. 
1000 gm. 
2330 cc. 
175 cc. 
21 ° to 38°C. 


Wash thoroughly and scrub with pumice and water, either hot or 
cold. 


Removing Discoloration From Automatic Screw-Machine Products 

Monel acquires a brown discoloration at high production machining 
speeds due to the formation of sulfur compounds by reaction with 
sulfur-base coolants. This discoloration may be removed easily to give 
a white surface. 

Degrease to remove all traces of coolant and immerse in: 


Formula M-13 

Water . 1 gal- 1000 cc. 

Sodium cyanide . V* to 1 lb. 60 to 120 gm. 

Temperature .70°tol00°F. 21 to 38 C. 

Time .5 to 30 min. 

Containers—earthenware crocks, steel, glass, or ceramic vessels. 


Handle the parts in a perforated Monel or woven wire dipping 
basket. Rinse thoroughly in hot water, if available, to hasten drying, 
or in cold water followed by shaking or tumbling in sawdust to dry. 


CAUTION: Sodium cyanide is a deadly poison and shops not 
regularly using cyanide solutions should keep the 
solution and stock of cyanide salt under lock and 
key. Under no conditions should acid from pick¬ 
ling operations or other sources be carried into 
the solution. The acid will liberate hydrocyanic 
acid gas—probably the most lethal industrial sub¬ 
stance. 


Removing Copper Flash 

Sometimes in the pickling of Monel, nickel and Inconel, especially 
if the pickling bath should contain copper salts and has been used 
for some time, a thin copper flash may form on the part. lor this rea- 
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son it is desirable to use separate pickling solutions for nickel and 
Monel, although the same formula may be called for. If the copper 
flash should occur, it can be removed readily by immersing the part in 
an aerated, 4 to 5 per cent ammonia solution (approximately 1 pt. of 
commercial aqua ammonia to 1 gal. of water) at room temperature. 
The time required is short, usually only a minute or so. This dip is 
followed by rinsing in water. 

Deleading of Inconel Wire and Springs 

In the majority of cases, Inconel spring wire is furnished with a very 
thin lead coating to act as a lubricant and prevent galling during cold 
coiling of springs. 

Where salt pots are used for stress relief of such springs after coiling 
and a bright surface is not required, the lead need not be removed. Where 
stress-relieving is done in an electric or similar furnace and a bright sur¬ 
face is not required, the lead should be removed prior to the thermal 
treatment. 

In salt-pot annealing, the lead will usually settle at the bottom of the 
pot leaving a dark, uniform color on the wire. Where electric or other 
furnaces are used the lead may settle in globules on the bottom of the 
springs leaving an unsightly appearance. For such cases, deleading should 
be done prior to the thermal treatment. 

Deleading may be done in a 15 per cent solution (by weight) of nitric 
acid at about 180° F. Two containers should be used—the first for rough 
pickling and the second for finishing. The concentration of the second 
bath should be maintained at a constant level. 

Where complete removal of lead and a slight removal of the Inconel 
surface can be tolerated, either of the following two solutions below may 
be used: 

(a) 44 per cent nitric acid (1.42 sp. gr.) plus 2.4 per cent hydro¬ 
fluoric acid (40 per cent)—up to 40 minutes at 130°F. 

(b) 15.4 per cent nitric acid (1.42 sp. gr.) plus 0.6 per cent hydro¬ 
chloric acid (36 per cent)—up to 12 minutes at 170-180°F. 
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DECORATIVE ETCHING AND COLORING 

The etching procedures herein described were developed through 
practical experience in commercial operations. They differ distinctly 
from the etching processes used in the preparation of specimens for 
microscopic or macroscopic examination. Procedures and solutions 
required for the latter purposes have been described in Section L. 

Applying the Resist 

The resists used normally in commercial etching operations are ap¬ 
plicable to Monel, “K” Monel, nickel and “Z” Nickel. Wax and gelatin 
resists are applied by swabbing or brushing, and varnish and lacquer 
resists by brushing or spraying. When coating on both sides is desired, 
this may be accomplished by dipping. 

Rotogravure or carbon tissue transfers should be applied accord¬ 
ing to the manufacturers’ directions. The double transfer method is 
preferred with Monel. Neither of these resists has been used with 
nickel or Inconel. 

Etching Solutions 

The etching solutions described for Monel, “K” Monel, nickel and 
“Z” Nickel are used at room temperature. For most consistent results 
they should be made up freshly for each use. 

A. Monel and "K" Monel 

1. For etching through beeswax, varnish, or other chemically inert 
resists. 

a. Iron perchloride (ferric chloride), 38°-42° Be; or 

b. Iron perchloride, 38°-42° Be, containing 10 per cent (by 
volume) concentrated hydrochloric acid; or 

c. Iron perchloride, 38°-42° Be, containing 2 per cent (by vol¬ 
ume) concentrated nitric acid. 

2. For etching through carbon tissue, gelatin, or other light-sensitive 
resists. 

a. Iron perchloride, 38°-42° Be, to which 10 per cent (by vol¬ 
ume) of concentrated nitric acid has been added. 
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3. For “deep-etch” lithograph plates:—* 

a. Iron perchloride, lumps—25 gm. 

Calcium chloride solution, 40°-41° Be—1000 cc. 
Hydrochloric acid (cp), 1.19 sp. gr.,—20 cc. 

B. Nickel and "Z" Nickel 

Both solutions lb and lc, as described for Monel and “K” Monel, 
work satisfactorily for nickel and “Z” Nickel. Preference is given gen¬ 
erally to solution lb. 

C. Inconel 

There are no recommended etching solutions for Inconel. 

Chemical Coloring 

Chemical coloring of Monel and nickel sheets requires a preliminary 
light etching, graining, or sand blasting. Suitable surfaces for this pur¬ 
pose may be developed readily by brief immersion in a 38°-42° Be 
solution of iron perchloride at room temperature. 

A. Monel 

Monel may be colored to shades from grey to black by immersion 
in the following solution. 

Potassium sulfide— 12 gm. per 1. 

Ammonium chloride—200 gm. per 1. 

The bath should be used at about 160°F. Coloring may be effected 
either by complete immersion, to assure most uniform results, or by 
surface swabbing. The solution has poor keeping qualities and must be 
made up freshly for each set of applications. 

After coloring has progressed to the desired shade, the Monel speci¬ 
mens should be dried quickly, preferably in a hot-air blast at about 
200 F. If the colored articles are to be subjected to handling and wear, 
their surfaces should be protected further by an application of clear 
lacquer or varnish. 


* Formula developed by Lithographic Technical Foundation. 
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B. Nickel 

Nickel may be coated with an adherent black film by an immersion 
in the following solution. 

Ammonium persulfate — 200 gm. per 1. 

Sodium sulfate — 100 gm. per 1. 

Ferric sulfate — 10 gm. per 1. 

Ammonium thiocyanate — S gm. per 1. 

The solution is used at room temperature, with immersion for 5 
minutes being adequate generally to develop a hard black film. In use 
it is necessary to maintain the red color of the solution by periodic 
g ma ll additions of ammonium thiocyanate, although otherwise the solu¬ 
tion retains its useful properties for long periods. 

For most requirements the black film developed by this means wdl 
need no added surface protection. If such is desired, an application of 
clear lacquer or varnish can be made directly over the colored surface. 

C. Plating 

Monel, nickel and Inconel may be colored black by the standard 
methods for black nickel plating, and by the duPont “Moly-Black” 
process. 27 

The formulae for black nickel plating are described in the “Plating 
and Finishing Guide Book,” published by Metal Industry, New York. 


zi The R. & H. Chemicals Department. E. I. duPont de Nemours & Company, Inc., Wilming- 
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HEAT TRANSFER THROUGH METALLIC WALLS 

F IG. N-l shows the general manner in which the temperature varies 
for a typical case of a metallic wall separating fluids at different tem¬ 
peratures. In the case illustrated, the hot fluid is a gas and the cooler 
fluid a liquid, both being in motion. The metallic wall has a corrosion 
scale or deposit on both sides. Adjacent to the corrosion scales are films of 
slowly moving gas on the one side and liquid on the other. 

The flow of heat from the hot to the cool fluid is accompanied by a 
gradual drop in temperature through the metallic wall and adjacent films, 
just as a step by step pressure drop accompanies the flow of water 
through an hydraulic system. Continuing the analogy, the drop in tem¬ 
perature is most rapid as heat flows through the sections of greatest 
thermal resistance, or least thermal conductance, just as the water pres¬ 
sure drops most rapidly when water is flowing through the sections of 
greatest frictional resistance. 

In brief, temperature may be considered as thermal “pressure” and 
any difference in temperature between two bodies of material will cause 
a flow of heat toward the cooler body. The rate of flow will be deter¬ 
mined by: 

1_ - The overall conductance of the intervening barrier of metal, films 
and deposits. 

2 —The exposed area available for the transfer of heat. 

3 — The difference in temperature between the hot and cold bodies. 


1| t^: 





^Metallic Wall ^ 


Fig. N-l A section through a metallic wall transferring heat from a hot gas 
to a cooler liquid , showing gas and liquid films, corrosion deposits, and the 
general effect of each upon the temperature gradient. 
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Each of the above three factors affects the total rate of heat transfer 
in direct proportion, that is: 

H = UxAx AT.(1) 

where: 

H = Total rate of heat flow, Btu./hr. 

U = Overall rate of heat transfer, or overall conductance, 
Btu./hr./sq. ft./° F. 

A = Surface area available to transfer heat, sq. ft. 

AT = Mean effective temperature difference between the hot and 
cold fluids, ° F. 

In order to evaluate the total rate of heat flow in any given piece of 
equipment it becomes necessary, therefore, to evaluate as closely as 
possible the factors A, AT and U. In designing a piece of such equip¬ 
ment, equation (1) generally is rewritten to read: 


A = 


H 

Ux AT 


( 2 ) 


Knowing the required value of H, values of U and AT are devel¬ 
oped as will be explained later, and the required value of A is computed. 
Obviously, the equipment must be designed to provide the desired sur¬ 
face. The calculation of effective surface is largely a matter of measure¬ 
ment. When tubes are used to transfer heat, the external surface usually 
is considered as being effective. Actually, the closest easy approximation 
is to use the average of internal and external areas. 

In order to compute the effective temperature difference, the operat¬ 
ing conditions must be known or estimated. Heating or cooling may be 
applied either to batches or continuously in suitable equipment. Where 
the batch method is employed, the temperature of the batch will vary 
as the process progresses, and it is quite difficult to compute or estimate 
accurately the effective mean temperature difference. Where continuous 
operation prevails, equilibrium conditions will be reached which permit 
of a more accurate computation. Generally accepted methods use either 
the arithmetic or the logarithmic mean temperature difference. The 
term “mean temperature difference” usually is abbreviated as M.T.D. 
The arithmetic M.T.D. is computed by: 


AT a = 


AT, + AT 


2 


( 3 ) 
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and the logarithmic M.T.D. by: 


AT l = 


AT, - 


Log e 


A T 2 
AT t 

at 2 


where: 


( 4 ) 


AT a = Arithmetic M.T.D. 

AT L = Logarithmic M.T.D. 

AT, = Greater temperature difference between hot and cold 
fluids. 

AT 2 = Lesser temperature difference between hot and cold 
fluids. 


When AT, and AT 2 are relatively close together, the arithmetic 
M.T.D., which is the first approximation of the true value, may be used 
without serious error. When AT, and AT 2 are far apart, or whenever 
the greatest accuracy is desired, the logarithmic M.T.D. should be used. 
This latter value is a much more exact expression but is more trouble¬ 
some to use. 

With the hot fluid entering and leaving at different temperatures, 
and the cool fluid doing the same, the evaluation of AT, and AT 2 will 
depend on the physical arrangement of the equipment. Generally, better 
efficiencies are obtained by employing counterflow rather than parallel 
flow, that is, the two fluids should enter at opposite ends of the unit 
rather than at the same end. 

In* any case, where continuous heating and cooling occur, AT, and 
AT 2 are taken, respectively, as the maximum and the minimum temper¬ 
ature differences at any points in the equipment. Where batch heating or 
cooling is being carried out, AT, and AT 2 will be the differences in 
temperature between hot and cold fluids at the start and at the finish of 
the cycle, respectively. 

It is with the determination of values for U that this section is chiefly 
concerned. The determination of U involves due consideration of several 
factors, namely: 

1 — The thermal conductivity and thickness of the metallic wall. 

2— The conductances of the gas, vapor or liquid films on either side of 
the metallic wall. 

3— The conductances of the scales or corrosion deposits adhering to one 
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or both sides of the metallic wall. These may be the result either of cor¬ 
rosion or of deposits from the fluids. 

Unfortunately, there are some who consider that Item 1 is the sole 
determinant of U. Others consider that Item 1 has no bearing at all 
and that Items 2 and 3 are the determinants. In order to evaluate truly 
the importance of each, it is necessary only to examine the equation 
for computing U. 


K + hi + h 2 + h 3 + h 4 

where: 

K = Conductivity of the metal, Btu./hr./sq. ft./° F./in. thick- 
ness. 


X = Thickness of metallic wall, in. 

^ = Conductance of the metallic wall, Btu./hr./sq. ft./° F. 

X 

h u h 2 , h 3 ,h 4 = Conductances of the surface films and corrosion 
scales or deposits. When one of these factors is 
non-existent, then the conductance of that fac¬ 
tor becomes infinite, and the expression 


for example, becomes zero. 

h 4 


The conductances of the films and deposits may be combined into 
a term which may be called U t , the overall film conductance, Btu./hr./sq. 
ft./ 0 F. 


U t = 


1 


_L -|_ -L JL _|_ J_ 

hi h 2 h 3 h 4 


( 6 ) 


Equation (5) then may be written as: 


U = ■ 


1 


X + _L 

K ^ U t 


( 7 ) 


Thus it is easily recognized that the overall conductance, U, depends 
not only upon the nature and thickness of the wall, — , but also upon 
the film conductance, Uf. The mathematical relationships are such that 
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the relative importance of each will depend considerably upon the actual 
values of each. 

Table N-l lists values of K for a number of metals and alloys in 
common use. Section I of this book lists conductivities for many other 
materials. 


TABLE N-l 

Thermal Conductivity of Metals and Alloys 


Material 


Conductivity* 
Btu./hr./sq. ft./°F./in. 


Silver. 

Copper. 

Aluminum (2S). 

Red Brass (85-15). 

Yellow Brass (65-35). 

Zinc. 

Admiralty Brass. 

Ingot Iron. 

Mild Steel (SAE 1020). 

Tin. 

Nickel. 

Lead. 

Nickel Silver (18 per cent). 

Silicon Bronze. 

Cupro Nickel (70-30). 

Monel. 

Stainless Steel (Type 430). 

Inconel. 

Stainless Steel (Types 304, 316, 321) 


2,900 

2,680 

1,570 

1,100 

830 

770 

760 

470 

460 

455 

420 

240 

230 

225 

200 

180 

155 

105 

105 


These values are for a temperature range of 32° to 212° F., and are taken from pub¬ 
lished data. Values at other temperature levels are slightly different. Individual measurements 
may indicate values different than those listed since for any metal or alloy this property 
varies from melt to melt and with different forms, tempers, etc. 


The values of film and scale conductances may be determined accu¬ 
rately only by experiment, since they vary considerably with many 
conditions. 

The conductance of a condensing vapor film depends upon the vapor 
velocity; the thermal conductivity, specific heat, density and viscosity 
of the condensate; and the proportion of non-condensable gases en¬ 
trained in the vapor. It will vary also in contact with different metals 
and alloys due to the fact that some promote a “drop-wise” condensation 
while others promote the formation of a continuous liquid film. The 
former tendency increases the film conductance as it allows more inti¬ 
mate contact between the vapor and the metallic surface, with no inter¬ 
vening continuous film of liquid. 
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Conductances of evaporating liquid films depend upon the velocity, 
conductivity, specific heat, density and viscosity of the liquid, the facility 
with which the liquid wets the metal, and whether the tendency is to 
form large or small bubbles of vapor, the latter form being the more 
desirable. 

Dry-gas and liquid-film conductances depend upon the velocity of 
flow; the density, conductivity, viscosity and specific heat of the fluid; 
and the curvature of the metallic surface. If the fluid is being cooled, the 
film conductance is some 25 per cent lower than if the fluid is being 
heated. When turbulent flow exists, values of conductance are much 
higher than for streamlined flow, and although conductance generally 
increases with velocity, there is a very sudden increase as the velocity 
is brought above the critical value bordering between streamlined and 
turbulent flow. For this reason, it is in the interest of high overall heat 
transfer to keep fluid velocities high enough to cause turbulence. 

The conductance of a corrosion scale, or of a deposited solid film, 
which behaves as if it were a poorly conducting wall bonded to the actual 
metal, depends upon its composition, its thickness, and whether it is 
solid or spongy in nature. 

Although the absolute values of film conductances vary tremen¬ 
dously, even in the same class, the relative values are of the magnitudes 
shown in Table N-2. Conductance ranges for metallic walls 1 in. and 
0.025 in. thick also are given for comparison. 


TABLE N-2 

Comparison of the Conductance Ranges for 
Metallic Walls and Films 


Nature of Obstruction 

Conductance Range 
Btu./hr./sq. ft./°F. 

Metal wall 

1 in. thick. 

75 to 3,000 

3,000 to 120,000 

1,000 to 4,000 

500 to 2,000 

50 to 500 

40 to 400 

0.025 in. thick. 

Condensing vapor. 

Evaporating liquid. 

Liquid being heated. 

Liquid being cooled. 

Gas being heated. 

5 to 50 

Gas being cooled. 

5 to 40 

Corrosion scale... 

5 to 20 


To illustrate the relative importance of metal conductivity and film 
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HEAT TRANSFER THROUGH METALLIC WALLS 


conductance, let us assume that a steam heating coil is to be designed 
to deliver 130,000 Btu. per hr. under each of the following sets of 
conditions: 

(1) Heating water from 70° to 200° F. 

(2) Heating dry air from 70° to 200° F. 

The steam temperature will be 250° F. in each case. 

For each of the above cases, assume the coil material to be: 

(1) Copper 

(2) Nickel 

(3) Monel 

(4) Inconel 

(5) Type 304 Stainless Steel 

Assume the thickness of each metal to be: 

(1) 0.070 in. 

(2) 0.250 in. 

The problem, therefore, is to find the required coil surface of 20 
different coils using 5 metals, 2 wall thicknesses and 2 sets of heating 
conditions. 

Since the temperatures involved will be the same in all cases, AT 
will be the same. Since the steam temperature is constant at 250° F. 
and the water or air temperature increases from 70° to 200° F. during 
the process, AT, will be 250-70, or 180° F., and AT, will be 250-200, 
or 50° F. 


From equation (3): 

ATj = A T.+ AT. ,180 + S_0. 1)5 . f 


From equation (4): 


AT L = 


AT, - AT„ 180 - 50 130 


Log e 


AT, 

AT 2 


, 180' 

log --50 


1.28 


= 101° F. 


The logarithmic M.T.D. should be used in this case since AT, and 
AT 2 are quite different, and the arithmetic M.T.D. is 14° F. in error, 
thus being only a rough approximation. 
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The computation of U involves the estimate of values for the steam, 
water and air films. The following will be used: 

h x = 1000 for condensing steam in each case 
h 2 = 300 for water being heated, or 30 for air being heated 
Assume no scale nor deposits to be present, hence h 3 and h 4 are 

infinitely large and ^-=^- = 0. 

For the case of 0.070-in. copper wall, heating liquid: 


U = 


1 


*+J- +^- 

K ^ hi h; 


+JL +_! 

h 8 h 4 


.070 


1 


1 


2680 1 300 1 1000 


0 + 0 


U = 229 Btu./hr./sq. ft./°F., from (5) 
H 130,000 


A = 


U x AT 229x 101 


= 5.61 sq. ft., from (2) 


By following through similar calculations for U and A, using the 
necessary values of X, K, h x and h 2 , the values of required surface for 
the 20 coils are as shown below. 


Material 

Thickness 

in. 

Required Sq. Ft. 

Heating Liquid 

Heating Air 

Copper. 

0.070 

5.61 

44.2 


0.250 

5.70 

44.3 

Nickel. 

0.070 

5.79 

44.3 


0.250 

6.34 

45.0 

Monel. 

0.070 

6.09 

44.6 


0.250 

7.36 

45.9 

Inconel. 

0.070 

6.43 

45.1 


0.250 

8.64 

47.1 

Stainless Steel. 

0.070 

6.43 

45.1 


0.250 

8.64 

47.1 


By studying this table it can be seen that: 

1—When film coefficients are relatively good, as when heating a liquid 
with steam: 

(a) increasing the thickness of a given material has the effect of in¬ 
creasing the surface area required. The effect of increasing thickness is 
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much greater with materials of low conductivity than with those of 
high conductivity; 

(b) when using the same thickness, materials of lower conductivity 
require appreciably greater area of heating surface. 

2—When film coefficients are relatively poor, as when heating a gas, 
the effects of changing the metallic thickness or of changing to a material 
of lower conductivity, or both, are relatively slight. 

The preceding example indicates the manner in which conductivity 
and metallic thickness affect heat-transfer calculations on new equip¬ 
ment. Designers and operators of heat-transfer equipment often have to 
estimate the probable effect of changing either the nature or the thickness 
of the metal or alloy used for heat-transfer surfaces. 

Some such estimates are based upon the mistaken belief that the 
overall rate will vary in direct proportion to the conductivity of the metal 
and in inverse proportion to the wall thickness. As we have seen in the 
preceding discussion, such an estimate would be far from correct. Neither 
is it correct to assume that the nature and thickness of the wall have 
no effect on heat transfer. A correct estimate must be based not only 
on a computation in accordance with equation (5) or (7), but also 
upon the consideration of certain variables which are not capable of 
being reduced to precise mathematical terms. These other variables 
include: 

1— The corrosion-resisting characteristics of the metals used. 

2— Their proneness to form coatings of insoluble corrosion products or 
deposits from the fluids. 

3— Their tendencies to promote “drop-wise” or film-type condensation 
of vapors. 

4— The facility with which liquids can wet their surfaces. 

These four points cannot be included in any mathematical equation 
but must be evaluated on the basis of the designer’s experience with 
various metals and alloys in contact with the particular fluids present 
in the particular process. 

Figs. N-2 to N-12, inclusive, show the manner in which a number 
of metals and alloys in common use will affect heat transfer. These 
charts are based on equation (7), using values of X from 0 to 0.5 in., 
values of U f from 50 to 1000 Btu./hr./sq. ft./°F., and values of K 
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appropriate to the various metals and alloys. For each metal, and for 
each value of U f , a curve of U vs. X may be drawn. Fig. N-2 shows 
the series of curves of U vs. X for copper, using various values of U f , 
and the succeeding figures represent similar curves for each of the other 
materials. 

Since in the original design of equipment it is necessary to estimate 
the values of film coefficients for use in equation (5), these charts are 
not particularly useful in such cases. Their value lies in enabling the 
operator or designer to compute the effect of changing either the nature 
or thickness, or both, of the metal used in existing equipment. 

It is possible, by test, to compute the actual overall rate of heat 
transfer, U, in the present equipment. The use of these charts facilitates 
the estimate of what the new heat-transfer rate will be, and will yield 
the following information: 

1— The overall film coefficient, U f , of the existing equipment. 

2— The new overall rate for a different metal or wall thickness. This 
result cannot take into account supplementary changes in the heat-trans¬ 
fer characteristics of the equipment which may accompany the change 
in material, that is, the four possible variables mentioned just above. 

As an example of the use of these charts, consider a condenser having 
mild steel tubes with 0.120-in. wall thickness, and showing, by test, an 
overall heat-transfer rate of 750 Btu./hr./sq. ft./°F. It is desired to 
estimate the effect of replacing these tubes with: 

1— Admiralty brass, 0.120-in. wall. 

2— Nickel, 0.120-in. wall. 

3— Inconel, 0.120-in. wall. 

On Fig. N-6, for mild steel, locate the intersection of the vertical line 
for X = 0.120 and the horizontal line for U = 750. This point falls 
between the U f curves numbered 900 and 950. By interpolation, the 
value of U f is 940. This establishes the value of film coefficient for the 
present steel tubes. 

Assuming that this same film coefficient will apply for each of the 
three proposed new tube materials, we then may compute U for each 
of these new conditions. 

On Fig. N-5, for Admiralty brass, locate the intersection of the ver¬ 
tical line for X = 0.120 with the curve for U f = 940. Again, it is nec- 
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essary to read U f by interpolation. Reading the scale at the left, the 
corresponding value of U is found to be 815. 

On Fig. N-7, for nickel, locate the intersection of the vertical line 
for X = 0.120 with the interpolated curve for U f = 940. The U scale 
indicates U = 740. 

On Fig. N-12, for Inconel, locate the intersection of the vertical line 
for X = 0.120 with the interpolated curve for U f = 940. The scale at 
the left indicates a value of U = 455. 

Thus the estimated overall rates of heat transfer for the four sets of 
conditions will be as given below. 


Tube Material 

Thickness, 

X, in. 

Conductivity, 

K 

Overall Heat 
Transfer, U 

Steel. 

0.120 

460 

750 

Admiralty brass. 

0.120 

760 

815 

Nickel. 

0.120 

420 

740 

Inconel. 

0.120 

105 

455 


Note that when the conductivity is increased, in this case illustrated 
by the change from steel to Admiralty brass, an increase in overall heat 
transfer results. The figures for nickel and Inconel illustrate the manner 
in which the overall rate is lowered by the use of a metal of lower conduc¬ 
tivity. In the case of nickel, the drop in overall rate is very small since 
steel and nickel have very nearly the same conductivity. The particular 
values used in this illustration must not be taken as being strictly indica¬ 
tive of what will happen quantitatively whenever such metals and alloys 
are interchanged. The values merely illustrate the method used in read¬ 
ing values from the charts and, as will be pointed out, the magnitude 
of the effect of changing from one material to another will depend con¬ 
siderably upon the actual heat-transfer rate of the piece of equipment 
in which the change is being made. 

It is evident that the tabulated results given above are based on the 
assumption that Uf would be the same for mild steel, Admiralty brass, 
nickel or Inconel tubes and, by inference, for all other materials that 
might be used. This is not always the case because: 

1—A material which has a lower rate of corrosion in the particular 
fluids being used will develop less corrosion deposit and will, therefore, 
be conducive to better heat transfer. Therefore, when changing to a 
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material of higher corrosion resistance, the actual rate of heat transfer 
usually will be higher than that indicated by the use of these charts. 

2 — Materials of different corrosion resistance should not be compared 
as to heat transfer in service until both have been in service for some 
time. For example, mild-steel equipment probably would show a higher 
transfer rate than would Inconel or Stainless Steel when both are new, 
but may show a lower rate after some months of service have brought 
out the effects of corrosion deposits. 

3 — Some materials will develop less “fouling” than others under given 
conditions of exposure. By “fouling” is meant the accumulation of de¬ 
posits from the fluid in contact with the metal, and not actual scale 
developed through corrosion of the metal. In specific instances the mate¬ 
rial of greatest corrosion resistance may actually “foul” to a greater 
extent than one of inferior resistance. This again is a matter of experience 
with metals in many types of exposure. 

4 — Some materials are inherently superior to others as to the type of 
fluid film formed on their surfaces. This means that film coefficients, 
even under identical operating conditions, will vary between metals. It 
also must be pointed out that the film-forming characteristics of metals 
and alloys vary with the type of film, that is, whether it is liquid, vapor 
or dry gas; also with the duty of the equipment, that is, whether it is 
used for heating or for cooling. Only experience with a wide variety 
of metals under varying conditions will enable one to estimate accurately 
the probable effect of this phenomenon. 

While the above mentioned points indicate that these charts must 
be used and interpreted carefully, there are certain basic points which 
the charts bring out very clearly. By examining the entire series and 
observing the general form of each family of curves, it will be seen that: 

1 — Materials of low conductivity have a greater effect on the overall 
heat-transfer rate than do materials of higher conductivity. 

2 — The effect of any metal is most pronounced when heavy wall thick¬ 
nesses are used. 

Points 1 and 2 are made evident by comparing the steep slope of 
the curves for Inconel and Stainless Steel (low conductivity) with the 
nearly flat characteristic of the curves for copper (high conductivity). 

3— When film conductances are low, the choice of material has much 
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less effect upon the overall result than when film conductances are high. 

To compare extreme cases, note the vast difference between the 
Uf 1000 curves for copper and Inconel. Then note the close similarity 
between the Uf = 50 curves for these two and all intervening materials. 

^ When film conductances are low, the thickness of any given material 
has less effect on the resulting heat-transfer rate than when film con¬ 
ductances are high. Note that the Uf = 1000 curve for any material is 
much steeper than the Uf = 50 curve for the same material. 

The general practical conclusion which may be drawn from these 
observations is that the choice of material or thickness is not critical, 
from the heat transfer standpoint, in equipment that has an inherently 
low rate of heat transfer. Such equipment would include any that is used 
to heat or cool a dry gas, or that utilizes dry gas as a heating or cooling 
medium. It also would include, to a moderate degree, equipment han¬ 
dling a liquid or liquids which are neither agitated nor circulated at 
any appreciable velocity. Such equipment inherently transfers heat at 
a low rate, due to the low film conductances involved. 

Condensing and evaporating equipment, on the other hand, generally 
operate at relatively high transfer rates. In such equipment it is im¬ 
portant to use the material that has the highest thermal conductivity 
of those that are satisfactory from the corrosion standpoint, and to use 
the lightest practicable wall thickness. 
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Fig. N-2 —Effect of wall thickness on heat transfer through copper. 
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Fig. N-3 Effect of wall thickness on heat transfer through aluminum (25). 

& 


• 17 • 



































































































































































































































































































HEAT TRANSFER THROUGH METALLIC WALLS 



0 .05 .10 .15 .20 .25 .30 .35 .40 .45 .50 

Metallic Wall Thickness - inches 


Fig. N-4 — Effect of wall thickness on heat transfer through Red Brass (85-15). 
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Fig. N-5 —Effect of wall thickness on heat transfer through Admiralty Brass. 
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Fig. N-6 — Effect of wall thickness on heat transfer through mild steel (SAE 1020). 
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Fig. N-7 — Effect of wall thickness on heat transfer through nickel. 
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r ic. N-8 —Effect of wall thickness on heat transfer through lead. 






































































































































































































MECHANICAL PROPERTIES AT LOW TEMPERATURES 



0 .05 .10 .15 .20 .25 .30 .35 .40 .45 .50 

Metallic Wall Thickness - inches 

Fic. N-9 —Effect oj wall thickness on heat transfer through cupro nickel (70-30). 




































































































































































































































HEAT TRANSFER THROUGH METALLIC WALLS 



0 .05 .10 .15 .20 .25 .30 .35 .40 .45 .50 


Metallic Wall Thickness - inches 

Fig. N-10 —Effect of wall thickness on heat transfer through Monel. 
















































































































































































































HEAT TRANSFER THROUGH METALLIC WALLS 



Fig. N-ll — Effect of wall thickness on heat transfer through stainless steel 

(Type 430). 





































































































































































































































- Overall Coefficient of Heat Transfer - Btu./sq. ft./hr./°F. 


HEAT TRANSFER THROUGH METALLIC WALLS 



0 .05 .10 .15 .20 .25 .30 .35 .40 .45 .50 


Metallic Wall Thickness - inches 

Fig. N-12 —Effect of wall thickness on heat transfer through Inconel stain¬ 
less steel (Types 304 , 316 , 321 ). 
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CASTINGS 

Monel, “H” Monel, “S” Monel, nickel and Inconel are produced 
as both sand castings and centrifugal castings, and may be obtained 
either as-cast or rough-machined. Castings of the first three alloys 
differ in silicon content and thereby provide three levels of hardness 
and strength. The chemical compositions of nickel and Inconel castings 
are not varied except for minor adjustments of carbon, manganese and 
silicon, as may be required by the shape and size of the patterns. 

Castings of the high-nickel materials are used for industrial appli¬ 
cations that demand high strength, pressure tightness, moderate price 
and, at the same time, high resistance to destructive chemical action, 
high temperature or mechanical wear. 

W ith the exception of “S” Monel, castings are furnished as-cast and 
without heat treatment. “S” Monel castings are available as-cast or 
annealed. Monel, “H” Monel, nickel and Inconel castings are readily 
machinable in the as-cast condition. “S” Monel is less readily ma¬ 
chined in the as-cast condition, but is more amenable in the annealed 
condition, in the latter case, hardness can be restored by age-harden¬ 
ing after machining. Where only a moderate amount of machining is 
required, it is preferable to use the as-cast material and thus avoid the 
cost of the double heat treatment. 


Chemical Composition 

Nominal chemical compositions of the cast materials are given in 
Table 0-1. 


TABLE 0-1 


Nominal Chemical Composition 
Monel, Nickel and Inconel Castings 


Material 

Nickel* 
per cent 

Copper 
per cent 

Iron 
per cent 

Manga¬ 
nese 
per cent 

Silicon 
per cent 

Carbon 
per cent 

Sulfur 
per cent 

Chro¬ 
mium 
per cent 

Monel. 

“H” Monel. 
“S M Monel. 

Nickel. 

Inconel. . . . 

*• T _1.. 1 . 

67.00 

65.00 

63.00 

96.70 

77.75 

29.00 

29.50 

30.00 

0.30 

0.25 

1.50 

1.50 

2.00 

0.50 

6.00 

0.90 

0.90 

0.90 

0.50 

0.25 

1.25 

3.00 

4.00 

1.50 

2.00 

0.30 

0.10 

0.10 

0.50 

0.25 

0.015 

0.015 

0.015 

0.010 

0.010 

13.50 


^Includes a small amount of cobalt. 
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CASTINGS 


Mechanical Properties, Physical Constants 
and Magnetic Characteristics 

Approximate ranges of mechanical properties are summarized in 
Table 0-2. Minima tensile values that may be used for specification 
purposes are listed in Table 0-3. 


TABLE 0-2 

Mechanical Properties of Monel, Nickel and Inconel Castings 


Material 

Condition 

Yield 

Tensile 

Strength 

Elonga¬ 

Brinell 

Impact Strength 

Point 
1000 psi. 

tion 

Hardness 





1000 psi. 

in 2 in. 

3000 kg. 

Standard 

Standard 





per cent 


Izod 

Charpyt 

-■ 


_ 




ft-lb. 

ft-lb. 

Monel. 

As-cast.... 

32.5-40 

65-90 

45-25 

125-150 

80-65 

- 



70 

"H” Monel.. 

As-cast. 

45 -75 

90-115 


175-250 

45-35 




20—10 

40 

“S” Monel... 

As-cast. 

80 -115 

110-145 


275-350* 

9-3 


Annealed and 

4—1 

4 


age-hardened 

80 -115 

110-145 

4-1 

325-375 

5-1 


Nickel. 

As-cast 

20 -30 

45-60 

30-15 

80-125 

90-75 




60 

Inconel. 

As-cast 

30 -45 

70-95 

30-10 

160-190 

85-70 


. 

60 

Average hardness—320 BHN. 



t Typical values. 


TABLE 0-3 


Minima Mechanical Properties of Monel Castings 


Material 

Yield 

Point 

Tensile 

Strength 

psi. 

Elongation 
in 2 in. 
per cent 

Hardness 

Brinell 

3000 kg. 

Monel. 

32,500 

65,000 

25 


“H” Monel. 

50,000 

80,000 

10 


"S” Monel. 

TVT~ i_j 

* 

100,000 


275 




Compressive properties, determined according to the A.S.T.M. 
standard procedure, for materials from single, typical melts, are sum¬ 
marized in Table 0-4, together with the corresponding tensile properties 
and hardness. The values given are averages of triplicate determina¬ 
tions and have been rounded off to the nearest 1000 psi., 0.5 per cent 
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CASTINGS 


elongation and 5 BHN, respectively. After the yield strength had been 
exceeded, all specimens buckled as fixed columns, with deformation 
until the maximum eccentricity at the middle was about 0.25 in. None 
of the specimens fractured. This is an important feature since it shows 
that service overloads may cause only permanent set rather than 
sudden failure with serious damage to equipment. 

TABLE 0-4 


Compressive Properties of Monel, Nickel and Inconel Castings 
for Single Typical Melts 


Material 

Condition 

COMPRESSION 

TENSION 

Hard¬ 

ness 

Brinell 

3000 

kg. 

Yield 

Str. 

(0.00 

percent 

offset)* 

1000 

psi. 

Yield 
Str. 
(0.01 
per cent 
offset )f 
1000 
psi. 

Yield 
Str. 
(0.20 
per cent 
offset) 
1000 
psi. 

Modu¬ 
lus of 
Elas¬ 
ticity 

io-« 

psi. 

Yield 

Point 

1000 

psi. 

Tensile 

Str. 

1000 

psi. 

Elonga¬ 
tion in 

2 in. 
percent 

Monel .... 

As-cast. 

19 

23 

29 

19 

35 

84 

45.0 

135 

“H” Monel. 

As-cast. 

30 

40 

59 

20 

50 

111 

19.0 

235 


As-cast. 

65 

80 

111 

22 




340 

‘S” Monel. 

Annealed.... 

30 

41 

61 

22 




180 


Rehardened.. 

67 

91 

125 

22 

ii9 

i36 

’ 2.6 

380 

Nickel. 

As-cast. 

10 

14 

23 

21 

25 

51 

17.5 

120 

Inconel . . . . 

As-cast. 

17 

23 

36 

24 

43 

82 

12.0 

180 


* Proportional limit, 
t Proof stress. 


Brinell hardness at elevated temperatures and resistance to galling 
are given in Tables 0-5 and 0-6, respectively. 


TABLE 0-5 

Brinell Hardness, at Elevated Temperatures, of "S" Monel 
in the As-Cast Condition 


Temperature 

Hardness 

Brinell 

Room. 

321 

700 . . 

321 

800 . 

311 

900. 

311 

1000 . 

321 

1050. 

335 

1100 . 

293 
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TABLE 0-7 

P hysical Co nstants of Monel, Nickel and Inconel Castings 


Material 

Melting 
Range 
° F. 

Pouring 

Temperature 

(uncorrected 

optical) 

° F. 

Specific 

Grav¬ 

ity 

Density 
lb., per 
cu. in. 
(68° F.) 

Coefficient 
of Ther¬ 
mal Ex¬ 
pansion 
X10 6 
(25°-100° 
C.) 

in./in./°C. 

Specific 
Resis¬ 
tivity 
ohms per 
cir. mil ft. 

Pattern 
Makers’ 
Shrinkage 
in. per ft. 

Monel. 

“H” Monel. 
“S” Monel. 

Nickel. 

Inconel.... 

2400-2450 

2350-2400 

2300-2350 

2450-2600 

2500-2550 

2700-2850 

2700-2850 

2650-2800 

2750-2900 

2800-2950 

8.6 

8.5 

8.4 

8.4 

8.3 

0.310 

0.307 

0.303 

0.303 

0.300 

13 

13 

13 

13 

11.5 

320 

370 

380 

125 

0.25 

0.25 

0.25 

0.25 

0.25 


TABLE 0-8 

Mean Coefficient of Linear Expansion of "S" Monel 


Temperature Range 
° F. 

Increase in Length per Unit Length 

per ° F. 

per 0 C. 

70 to 212. 

o nnnnn^s 

0.000013 

0.000015 

0.000015 

0.000016 

70 to 600. 

v.WUUUOO 

o notions? 

70 to 850. 

0 0000084 

70 to 1000. 

yj . uuwuuot 

0.0000087 



Some important physical constants are given in Tables 0-7 and 0-8. 
Nickel castings are strongly magnetic. Monel castings are slightly 
magnetic. “H” Monel is non-magnetic down to — 30°F. “S” Monel 
and Inconel are non-magnetic down to still lower temperatures. 
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CAS TINGS 


MONEL 

Monel castings are used for pump impellers, filter plates, valve 
bodies, pumps, bushings and fittings. Cast Monel has the same order 
of resistance as wrought Monel to corrosion at normal and moderately 
elevated temperatures by reducing mineral acids, such as sulfuric and 
hydrochloric; organic acids; salt solutions, both acid and neutral- 
food and food acids; strong alkalies; dry gases, such as chlorine and 
ammonia; certain alkaline salts and most atmospheres. It is corroded 
significantly by highly oxidizing acids such as nitric, by oxidizing acid 
salts such as cupric and ferric chlorides, and by strong ammonia solu- 
tons. 

Monel castings can be used in non-sulfurous atmospheres at tem¬ 
peratures up to 800°F. under stress, and up to 900° to 1000°F. in un¬ 
stressed conditions. The alloy does not oxidize at a destructive rate be¬ 
low approximately 1000°F. and the oxide formed in this indicated safe 
range of temperature is adherent and does not flake off. 


"H" MONEL 

For many applications, castings must have good ductility with in¬ 
creased but not maximum hardness. These requirements can be met by 
H” Monel containing 2.75 to 3.25 per cent silicon. This alloy offers the 
same order of resistance to corrosion as cast Monel, is slightly stronger, 
harder, more resistant to abrasion, but not outstanding for resistance to 
galling. It takes an excellent finish from grinding. Its increased hardness 
renders it useful for steam nozzles and other parts that must resist 
mild erosion. 

"S" MONEL 

This alloy contains approximately 4 per cent of silicon, which 
hardens it markedly so that it possesses a Brinell hardness of the order 
of 320 as cast. This high hardness, in conjunction with the special 
structure of the alloy, results in excellent gall and erosion resistance 
us making it particularly suitable for valve seats, and sliding or 
other moving elements. 

“ S ” Monel can be machined as-cast, and preferably so when only 
a moderate amount of machining is required. For extensive machining 
it may be desirable first to soften the castings by heating them at 
1600°F. for 1 hr., air cooling to 1200°F. and then oil quenching, which 
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lowers the hardness to about 200 BHN. After machining, the parts can 
be hardened by the method described later on this page. “S” Monel, to 
an even greater extent than “H” Monel, will develop an excellent finish 
upon grinding. 

Hot Hardness 

An outstanding characteristic of “S” Monel is its retention of 
hardness at moderately high temperatures. Standard Brinell hardness 
numbers have been determined 1 at temperatures up to 1100°F. The 
results are summarized in Table 0-5. Other details have been given in 
Section J. 

Resistance to Galling 

Another outstanding characteristic of “S” Monel is its previously 
mentioned good resistance to galling. In this it is superior to other 
hard materials, with a few exceptions such as Stellite, nitrided steels 
and certain types of Ni-Hard iron. In rubbing contact with other 
suitably selected metallic surfaces and under conditions of poor lubri¬ 
cation or in the absence of lubrication, “S” Monel is highly resistant 
to galling or seizing at the contact surfaces. 

Tests based on the rotation of one flat-ended specimen against an¬ 
other, both of the same composition and with suitable provision for 
alignment, were made to determine the number of turns to cause seiz¬ 
ing and the weight loss of the metal pairs. The results for five mate¬ 
rials are given in Table 0-6. 

Coefficient of Linear Expansion 

The mean coefficients of linear expansion of “S” Monel at tempera¬ 
tures above 212°F. are given in Table 0-8 and Fig. 0-1. 

Age-Hardening 

“S” Monel is softened by heating at 1600°F. for 1 hr., air-cooling 
to 1200°F., and then quenching in oil. Subsequent hardening is accom¬ 
plished by aging at 1100°F. for 4 to 6 hr., followed by furnace cooling. 
Any suitable furnace and source of heat may be used. In heating, a 
low-sulfur atmosphere is desirable. Details have been given in Section M.. 

The aging treatment produces hardness as high as or higher than 

1 Putting the Heat on Valve Materials. M. G. Bolinger and Wm. Heilig. Power. 82 No 4 
89-91 (1938); Ibid. 83, No. 2, 86-7 (1939). ’ 
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that of the alloy in the as-cast condition, and mechanical properties 
of the same order as those of the as-cast material. 


NICKEL 

Cast nickel has corrosion resistance similar to that of wrought nickel 
and is useful for applications in process equipment handling corrosives 
that have less effect on nickel than on alloys of nickel, as for example 
caustic alkali solutions. Nickel castings are used also when it is desired 
to avoid contamination of a product with such metals as copper or iron. 
A certain amount of hardening of nickel can be accomplished with 
silicon additions, and resistance to galling under faulty lubrication can 


















































































CAST IN G S 


be provided by suitable adjustments of the minor elements, including 
carbon. 6 

INCONEL 

Inconel castings supplement wrought Inconel and are used under 
particularly severe, corrosive conditions where neither nickel nor Monel 
is satisfactory. Their corrosion resistance is of the same order as that 
of wrought Inconel. 


FOUNDRY EQUIPMENT 

Melting 

The quality of castings originates in the melting operation. Crucible 
melting formerly used has given way to direct-arc, electric-furnace melt¬ 
ing which affords precise control of chemical composition and deoxida¬ 
tion, and permits the production of large individual castings or rela¬ 
tively large groups of smaller castings from a single melt. No scrap or 
secondary metals of any kind are used in the furnace charges, thereby 
excluding the possibility of contamination by undesirable elements 
such as sulfur and lead which affect mechanical properties and weld- 
ability adversely. 

Molds 

Mold quality is governed by the skill of the molder and the mate¬ 
rials and equipment used. Selected grades of sands are prepared by 
sand-conditioning equipment and tested for permeability, strength and 
moisture content. Hand-molding is largely employed but machine¬ 
molding is used for the production of fittings and other small castings. 

Drying 

Drying ovens for baking cores and drying molds are operated on 
the modern principle of circulating pre-heated air. This affords accurate 
control of both the oven temperature and the rate of drying. 

Auxiliary Equipment 

This equipment has been described in Section A. 

FOUNDRY PRACTICE 

The melting of Monel, “H” Monel, “S” Monel, nickel and Inconel 
for casting may be carried out in electric-arc furnaces, in induction 
furnaces or in crucibles. The refractory linings of furnaces are usually 
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basic or neutral. Pouring temperatures are high and rapid melting is 
essential. 


The following information is offered as a guide for experienced 
foundrymen. It is confined to the Monel alloys because nickel and 
Inconel are not produced to any appreciable extent in outside foun¬ 
dries. 


Raw Materials 

The nominal chemical compositions of these materials are given in 
Table 0-9. 


TABLE-O-9 

Nominal Composition of Raw Materials 


Material 

Nickel* 
per cent 

Copper 
per cent 

Iron 
per cent 

Manga¬ 
nese 
per cent 

Silicon 
per cent 

Carbon 
per cent 

Sulfur 
per cent 

Electronickel... 

99.95 

0.01 

to 

0.03 

0.01 

to 

0.04 


trace 

trace 

trace 

Nickel Shot.... 

99.55 

0.02 

0.10 


0.10 

0.10 

0.01 

Monel Block. . . 

65.00 

31.50 

1.50 

0.60 

0.80 

0.15 



“Including cobalt. 


Monel Block 

Monel blocks, approximately 2 in. x 2 in. x 4 in., and weighing 6 to 
8 lb. each, are furnished under the identification of “A”* Monel block. 


Electronickel 

Electrolytic nickel, cut in squares either 3 in. x 3 in., or 1 in. x 1 in., 
is used generally. The size selected will depend upon the capacity of 
the melting equipment. 

Nickel Shot 

Nickel shot is available for the convenience of foundries that prefer 
this form. 


Remelt (Foundry Scrap) 

Remelt material, except turnings and borings, can be used in making 
Monel castings. Great care must be exercised to insure freedom from 
contamination with lead which is distinctly detrimental. The remelt 
material should also be free as well as possible from sand. Clean scrap, 
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CASTINGS 


such as rod ends or sheet shearings, which are not contaminated with 
other alloys, can be used. 

The use of machine shop turnings and borings is not recommended 
since it is almost impossible to prevent their contamination with sul- 
furized oils, with oxides of lead used for machine lubrication and with 
other detrimental materials. 

Electric Furnace Melting 

Charges are made up of new and remelt material following standard 
foundry practice. The furnace is operated according to the normal pro¬ 
cedure for the type used. After melting, the metal is heated to slightly 
above the pouring temperature. Manganese and silicon are added, 
stirred in and allowed to react for 3 to 5 minutes. The melt is then 
transferred to the pouring ladle, deoxidized with magnesium and poured 
into sand molds. 

Oil-Fired Furnace Melting 

The use of a low-sulfur oil, not exceeding 0.5 per cent of sulfur, is 
recommended. The flame should be slightly oxidizing. The melting pro¬ 
cedure is otherwise similar to that used in the electric furnace. 

Crucible Melting 

In the majority of foundries where electric furnaces are not avail¬ 
able, crucible melting can be employed. Clay-graphite crucibles that 
will withstand the high melting temperature and have sufficient strength 
and resistance to spalling, are preferred. Lined graphite crucibles also 
have been used satisfactorily, but with these care must be taken to 
keep the lining in good condition. Excellent results have been obtained 
in many foundries with “Tercod” silicon-carbide crucibles. The com¬ 
mon graphite crucible, used for melting brass and bronze, is not well 
suited to Monel. 

Tilting crucible furnaces which are elevated above the floor can be 
used, but more commonly use is made of simple oil-fired and forced- 
draft crucible pits. Melting Monel in coke-fired pits is not recommended 
because of the danger of contamination by sulfur. In oil-fired crucible 
pits, a hot short flame should be maintained. The combustion mixture, so 
as to minimize contamination of the melt with sulfur, should be slightly 
oxidizing as evidenced by an excess of oxygen (to to 2 per cent in the 
flue gas). 

Monel block and clean scrap are charged into the crucible and 
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melted down. It is not always necessary to use a slag to blanket the 
surface of the melt. Most melters use a clean crucible cover and no 
slag material; others prefer a slag of lead-free glass. When the melt 
has been brought to 50° to 75°F. above the desired pouring tempera¬ 
ture, additions of manganese and silicon are made and the metal 
stirred thoroughly. It is then deoxidized with 0.1 per cent of magnesium 
and poured. 

The procedure for “H” Monel and “S” Monel is the same as for 
Monel, with the exception that additional silicon is required to secure 
the compositions given in Table 0-1. The higher silicon contents lower 
the melting point so that pouring can be carried out 50° to 100°F. 
lower than for Monel. 

Deoxidation 

From 3 to 5 minutes before pouring, additions of manganese and 
silicon should be made to every melt of Monel. Approximately 0.5 
per cent of manganese should be added as manganese metal or as 80 per 
cent ferromanganese. Silicon is added in the form of 95 per cent metallic 
silicon immediately following the manganese. Whenever the melt con¬ 
tains either remelt or scrap, suitable adjustment of manganese and 
silicon should be made so that when the melt is ready to pour, the 
manganese content will be approximately 1 per cent and the silicon 
content about 1.25 per cent. Final deoxidation is accomplished with 
0.1 per cent of magnesium just before pouring; it can be added in the 
furnace or in the crucible or ladle from which the metal is to be poured. 
The required amount of stick magnesium is fastened firmly to a rod, 
plunged well beneath the metal surface, and stirred. The reaction is 
vigorous and this operation must be carried out quickly. If the mag¬ 
nesium burns on the surface it will not be effective. 

The practice for “H” Monel and “S” Monel is practically the same 
as for Monel. About 5 minutes before pouring, 80 per cent ferroman¬ 
ganese is added in sufficient quantity to bring the manganese content 
of the melt to about 1 per cent. This is followed by the amount of 95 
per cent metallic silicon required to give the desired silicon content. 
Final deoxidation is accomplished with 0.1 per cent of magnesium. 

Pouring Temperature 

Pouring temperature ranges for the various alloys are given in 
Table 0-3. The temperature selected will depend on the sections being 
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made. For more massive sections, slightly lower pouring temperatures 
will give better castings, whereas light sections must be poured hotter. 

Molding Practice 

The molding practice is related more closely to steel foundry prac¬ 
tice than to those for brass or bronze. Highly refractory sands of 
high permeability and low clay content should be used. Organic 
binders should be kept at a minimum. 

Pure silica sand and linseed oil binders are used for cores. The 
cores should be provided with wax inserts for venting if they are long 
and of small section. 

Dry-sand molds, oil-bonded, are used for castings weighing more 
than 15 lb. Skin-dried or green-sand molds are used for smaller castings. 

Gating 

Larger gates must be used for Monel than for brass and bronze in 
order to provide more rapid filling of the mold and complete feeding. 
The risers are located, according to good foundry practice, so as to fur¬ 
nish the heavier sections with a supply of hot, molten metal sufficient 
to prevent formation of shrinkage cavities during the rapid solidifica¬ 
tion of the castings. 

To permit free contraction for avoidance of shrinkage cracks, es¬ 
pecially on large and complicated castings, sprues are located so as not 
to interfere with contraction and cores are made moderately soft so 
that they will collapse easily. 


Machining 

Machining limitations are as follows. 

Rough-machined centrifugal castings 1 ^ 

Maximum length §—120 in. for castings up to 8% in. O.D. 
Maximum length—51 in. for castings over 8% in. O.D. to 12 in. O.D. 

Finished-machined centrifugal castings 1- 

Maximum length—60 in. for castings up to 8?4 in O.D. 

Maximum length—34 in. for castings over 8% in. O.D. to 12 in. 
O.DJ 

t Minimum I.D. of 3 in. and minimum wall of 0.250 in. 

§ Lengths over 70 in. are supplied in two pieces welded together, 
t Sizes over 12 in. O.D. on application. 
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TABLE P-1 


Theoretical Weight and Volume Monel Sheet, Strip and Plate! 


] 

u.s.s. 

Ga. 

Thickness 

Weight, lb. 

Volume of 

1 sq. ft. 
cu. in. 

Fraction, in. 

Decimal, in. 

per sq. ft. 

per sq. in. 

3 

1/4 

0.250 

11.48 

0.080 

36.000 

4 

15/64 

0.234 

10.75 

0.075 

33.696 

5 

7/32 

0.218 

10.01 

0.070 

31.392 

6 

13/64 

0.203 

9.33 

0.065 

29.232 

7 

3/16 

0.187 

8.59 

0.060 

26.928 

8 

11/64 

0.171 

7.86 

0.055 

24.624 

9 

5/32 

0.156 

7.17 

0.050 

22.464 

10 

9/64 

0.140 

6.43 

0.045 

20.160 

11 

1/8 

0.125 

5.74 

0.040 

18.000 

12 

7/64 

0.109 

5.01 

0.035 

15.696 

13 

3/32 

0.093 

4.27 

0.030 

13.392 

14 

5/64 

0.078 

3.58 

0.025 

11.232 

15 

9/128 

0.070 

3.22 

0.022 

10.080 

16 

1/16 

0.062 

2.85 

0.020 

8.928 

17 

9/160 

0.056 

2.57 

0.018 

8.064 

18 

1/20 

0.050 

2.30 

0.016 

7.200 

19 

7/160 

0.043 

1.98 

0.014 

6.192 

20 

3/80 

0.037 

1.70 

0.012 

5.328 

21 

11/320 

0.034 

1.56 

0.011 

4.896 

22 

1/32 

0.031 

1.42 

0.010 

4.464 

23 

9/320 

0.028 

1.29 

0.009 

4.032 

24 

1/40 

0.025 

1.15 

0.008 

3.600 

25 

7/320 

0.021 

0.97 

0.007 

3.024 

26 

3/160 

0.018 

0.83 

0.006 

2.592 

28 

1/64 

0.015 

0.69 

0.005 

2.160 

- 30 

1/80 

0.012 

0.55 

0.004 

1.728 

32 

1/100 

0.010 

0.459 

0.003 

1.440 



0.009 

0.413 

0.0029 

1.296 



0.008 

0.367 

0.0026 

1.152 



0.007 

0.322 

0.0022 

1.008 



0.006 

0.276 

0.0019 

0.864 


. 

0.005 

0.230 

0.0016 

0.720 


1 

0.004 

0.184 

0.0013 

0.576 



0.003 

0.138 

0.0010 

0.432 



0.002 

0.092 

0.0006 

0.288 


t For weights of other materials in similar forms use the factors given in Table P-13. 



















































APPENDIX 


TABLE P-2 


Theoretical Weight and Volume Per lineal Foot 
of Monel Rounds, Squares and Hexagons* 


Size 

in. 

Rounds 

Squares 

Hexagons 

Weight 

Volume 

Weight 

Volume 

Weight 

Volume 


lb. 

cu. in. 

lb. 

cu. in. 

lb. 

cu. in. 

7 & 

0.144 

0.451 

0.183 

0.574 

0.158 

0.497 

K 

0.188 

0.589 

0.239 

0.750 

0.207 

0.650 

% 

0.238 

0.746 

0.303 

0.949 

0.262 

0.822 

Hb 

0.293 

0.920 

0.374 

1.172 

0.324 

1.015 

% 

0.355 

1.114 

0.452 

1.418 

0.391 

1.228 

X 

0.423 

1.325 

0.538 

1.688 

0.466 

1.462 


0.496 

1.555 

0.632 

1.981 

0.547 

1.716 

7 <6 

0.575 

1.804 

0.733 

2.297 

0.635 

1.989 

% 

0.661 

2.071 

0.841 

2.637 

0.728 

2-284 

% 

0.752 

2.356 

0.957 

3.000 

0.829 

2.598 

9 l6 

0.951 

2.982 

1.211 

3.797 

1.049 

3.288 

X 

1.175 

3.682 

1.495 

4.688 

1.295 

4.060 

% 

1.421 

4.454 

1.80?) 

5.672 

1.567 

4.912 

X 

1.691 

5.302 

2.153 

6.750 

1.865 

5.846 

% 

1.985 

6.222 

2.527 

7.922 

2.188 

6.861 

Vs 

2.302 

7.216 

2.931 

9.188 

2.538 

7.957 

% 

2.643 

8.284 

3.365 

10.55 

2.914 

9.137 

1 

3.007 

9.425 

3.828 

12.00 

3.315 

10.39 

u* 

3.394 

10.64 

4.322 

13.55 

3.743 

11.73 


3.806 

11.93 

4.845 

15.19 

4.196 

13.15 


4.255 

13.34 

5.398 

16.92 

4.675 

14.65 


4.696 

14.72 

5.981 

18.75 

5.180 

16.24 


5.181 

16.24 

6.594 

20.67 

5.711 

17.90 

i« 

5.685 

17.82 

7.238 

22.69 

6.268 

19.65 

l 7 l6 

6.214 

19.48 

7.911 

24.80 

6.851 

21.48 


6.763 

21.20 

8.613 

27.00 

7.459 

23.38 

1% 

7.337 

23.00 

9.347 

29.30 

8.095 

25.37 

IX 

7.940 

24.89 

10.11 

31.69 

8.756 

27.44 

1*54 

8.562 

26.84 

10.90 

34.17 

9.440 

29.59 


9.206 

28.86 

11.72 

36.75 

10.15 

31.83 

1% 

9.876 

30.96 

12.57 

39.42 

10.89 

34.14 


10.57 

33.13 

13.46 

42.19 

11.66 

36.54 

m 

11.29 

35.38 

14.37 

45.05 

12.44 

39.01 
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TABLE P-2 (Cont.) 


Size 

in. 

Ro 

iinds 

Squares 

Hexagons 

Weight 

Volume 

Weight 

Volume 

Weight 

Volume 


lb. 

cu. in. 

lb. 

cu. in. 

lb. 

cu. in. 

2 

12.03 

37.70 

15.31 

48.00 

13.26 

41.57 

m 

13.58 

42.56 

17.29 

54.19 

14.97 

46.93 

2 x 

15.22 

47.71 

19.38 

60.75 

16.78 

52.61 

2Vs 

16.96 

53.16 

21.59 

67.69 

18.70 

58.62 

2'A 

18.79 

58.91 

23.93 

75.00 

20.72 

64.95 

2Vs 

20.72 

64.94 

26.38 

82.69 

22.85 

71.61 

2H 

22.74 

71.28 

28.95 

90.75 

25.07 

78.59 

2Vs 

24.85 

77.90 

31.64 

99.19 

27.40 

85.90 

3 

27.06 

84.83 

34.45 

108.00 

29.83 

93.53 


31.76 

99.55 

40.43 

126.75 

35.01 

109.77 

3H 

36.83 

115.45 

46.89 

147.00 

40.61 

127.31 

3M 

42.26 

132.48 

53.83 

168.75 

46.62 

146.14 

4 

48.12 

150.84 

61.23 

192.00 

53.03 

166.28 

4K 

54.32 

170.28 

69.14 

216.75 

59.88 

187.71 


60.87 

190.80 

77.52 

243.00 

67.13 

210.44 

4 H 

67.83 

212.64 

86.69 

271.75 

75.08 

235.34 

5 

75.14 

235.56 

95.70 

300.00 

82.88 

259.81 

5M 

82.88 

259.80 

105.50 

330.75 

91.37 

286.44 

5A 

90.95 

285.12 

115.80 

363.00 

100.29 

314.37 

5% 

99.41 

311.64 

126.56 

396.75 

109.60 

343.60 

6 

108.22 

339.24 

137.81 

432.00 

119.35 

374.12 

6M 

117.44 

368.16 

149.53 

468.75 

129.50 

405.95 


127.01 

398.16 

161.73 

507.00 

140.06 

439.07 

6% 

136.97 

429.36 

174.41 

546.75 

151.04 

473.50 

7 

147.30 

461.76 

187.57 

588.00 

162.44 

509.22 

7 H 

158.02 

495.36 

201.21 

630.75 

174.25 

546.25 

7 J* 

169.12 

530.16 

215.33 

675.00 

186.48 

584.57 

7 3 A 

180.57 

566.04 

229.92 

720.75 

199.12 

624.19 

8 

192.43 

603.24 

244.99 

768.00 

212.17 

665.11 

8H 

217.24 

681.00 

276.57 

867.00 

239.52 

750.84 

9 

243.54 

763.44 

310.07 

972.00 

268.53 

841.78 

9^ 

271.33 

850.56 

345.48 

1083.00 

299.19 

937.91 

10 

300.65 

942.48 

382.80 

1200.00 

331.51 

1039.23 


HALF ROUNDS—use 50 per cent of corresponding round. 

* Weights of other materials in similar shapes may be obtained by the use of the factors 
given in Table P-13. 































































































TABLE P-3 

Theoretical Weight of Monel Flats, Angles and Half Ovals 

FLATS 
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Weights of other materials in similar shapes may be obtained by the use of the factors given in Table P-13. 
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2.250 

2.531 
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3.938 

4.219 

4.500 

4.781 

5.063 

5.344 

5.625 

5.906 

6.188 

6.469 

6.750 

7.031 

7.313 

7.594 

7.875 

8.156 

8.438 

8.719 


s 

1.875 

2.109 

2.344 

2.578 

2.813 

3.047 

3.281 

3.516 

3.750 

3.984 

4.219 

4.453 

4.688 

4.922 

5.156 

5.391 

5.625 

5.859 

6.094 

6.328 

6.563 

6.797 

7.031 

7.266 


X 

1.500 

1.688 

1.875 

2.062 

2.250 

2.438 

2.625 

2.813 

3.000 

3.188 

3.375 

3.563 

3.750 

3.938 

4.125 

4.313 

4.500 

4.688 

4.875 

5.063 

5.250 

5.438 

5.625 

5.813 


s 

1.125 

1.266 

1.406 

1.547 

1.688 

1.828 

1.969 

2.109 

2.250 

2.391 

2.531 

2.672 

2.813 

2.953 

3.094 

3.234 

3.375 

3.516 

3.656 

3.797 

3.938 

4.078 

4.219 

4.359 


s 

0.750 

0.844 

0.938 

1.031 

1.125 

1.219 

1.313 

1.406 

1.500 

1.594 

1.688 

1.781 

1.875 

1.969 

2.063 

2.156 

2.250 

2.344 

2.438 

2.531 

2.625 

2.719 

2.813 

2.906 

Width 

in. 
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For volume of square tubing, multiply volume of round tubing by factor of 1 . 28 . 

















































































































































TABLE P-7 

Theoretical Weight/ Volume of Metal. Capacity, and Surface Area of Cold-Drawn Seamless Monel 


appendix 


a 

o 

£ 

a 

i 

§ 


.s 

s 



Surface Area 
sq. ft. per lineal ft. 

External 

VO 

© 

© 

0.1412 

0.1767 

0.220 

0.275 

0.344 

0.434 

0.498 

0.622 

0.753 






Internal 

1 0.0563 

0.0791 

o 

^rH 

o 

0.1430 

0.1943 

0.251 

0.334 

0.393 

0.508 

609 0 





Js 

bC 

Capacity 

cu.in. 
per 

lineal ft. 

0.436 

o 

00 

© 

1.686 

2.815 

5.19 

8.64 

15.39 

21.23 

35.42 

51.0 





1 

> 

g 

X 

; Volume 

of Metal 
cu. in. 

per 

lineal ft. 

1.201 

00 

00 

2.602 

3.834 

5.194 

7.655 

10.57 

12.81 

17.71 

27.02 





2 

tS 

Weight 
lb. per 
lineal 

* 

0.383 

0.602 

0.830 

1.223 

1.657 

2.442j 

3.371 

4.085 

5.650 

8.619 






Wall 

in. 

0.095 

0.119 

vO 

<N 

d 

0.147 

0.154, 

0.179 

0.191 

0.200 

0.218 

0.276 






I.D. 

in. 

0.215 

0.302 

0.423 

0.546 

0.742 

0.957 

1.278 

8 

»o 

1.939 

2.323 






O.D. 

in. 

0.405 

0.540 

0.675 

1 

o 

1.050 

1.315 

099* I 

1.900 

2.375 

2.875 






<5 

External 

0.1061 

ZlfVO 

0.1767 

0.220 

0.275 

<T> 

o 

0.434 

0.498 

0.622 

0.753 

0.916 

1.047 

1.179 

1.310 


*8, 

S? 

Internal 

0.0704 

0.0953 

0.1290 

0.1630 

0.216 

0.274 

0.361 

0.421 

0.542 

0.647 

0.830 

0.929 

1.054 

00 

JG 

Capacity 

cu. in. 
per 

5 

6 
c 

0.682 

1.251 

2.293 

3.653 

6.39 

10.39 

17.97 

24.45 

40.35 

57.6 

88.9 

118.9 

152.8 

191.8 

'53 

£ 

T) 

b 

a 

Volume 
of Metal 
cu. in. 

per 

lineal ft. 

0.859 

1.495 

2.000 

3.000 

3.987 

5.922 

8.019 

9.589 

12.89 

20.45 

26.74 

32.13 

38.06 

44.23 

i 

rt 

CD 

Weight 

lb. per 
lineal 
ft. 

0.274 

0.477 

0.638 

0.957 

1.272, 

1.889 

2.558 

3.059 

4.112 

6.522 

8.529 

10.25 

12.14 

14.11 


Wall 

in. 

0.068 

00 

00 

o 

o 

1600 

6010 

0.113, 

0.133 

o 

o 

0.145 

0.154 

0.203 

0.216 

0.226 

0.237 

0.247 


I.D. 

in. 

0.269 

0.364 

0.493 

0.622 

0.824 

1.049 

1.380 

1.610 

2.067 

2.469 

3.068 

3.548 

4.026 

4.506 


O.D. 

in. 

0.405 

0.540 

0.675 

o 

ss 

o 

1.050 

1.315 

099‘I 

1.900 

2.375 

2.875 

3.500 

o 

o 

o 

4.500 

5.000 



ills' 
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Weights of other materials in tube form may be obtained by the use of the factors given in Table P- 13 . 
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Fig. P-1— Surface area of tubing and pipe of various diameters. For external 
area , use the O.D.; for internal area , use the I.D.; for log. mean area use 
the Log. Mean D. 
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TABLE P-8 


Theoretical Weight of Monel Wire* 


B. & S. 
Gauge 

Diameter 

in. 

Lb. per 

1000 ft. 

B. & S. 
Gauge 

Diameter 

in. 

Lb. per 

1000 i t. 


0.0010 

0.003 


0.037 

4.11 


0.0020 

0.012 


0.038 

4.34 


0.0030 

0.027 


0.039 

4.57 

40 

0.0031 

0.029 


0.040 

4.80 

39 

0.0035 

0.037 

18 

0.0403 

4.86 

38 

0.0040 

0.048 


0.041 

5.04 

37 

0.0045 

0.061 


0.042 

5.29 

36 

0.0050 

0.075 


0.043 

5.55 

35 

0.0056 

0.094 


0.044 

5.81 


0.0060 

0.108 


0.045 

6.07 

34 

0.0063 

0.119 

17 

0.0453 

6.22 


0.0070 

0.147 


0.046 

6.35 

33 

0.0071 

* 0.151 


0.047 

6.63 

32 

0.0080 

0.192 


0.048 

6.91 

31 

0.0089 

0.238 


0.049 

7.20 


0.0090 

0.243 


0.050 

7.50 

30 

0.0100 

0.300 

16 

0.0508 

7.75 


0.0110 

0.363 


0.051 

7.81 

29 

0.0113 

0.383 


0.052 

8.11 


0.0120 

0.431 


0.053 

8.43 

28 

0.0126 

0.477 


0.054 

8.75 


0.0130 

0.506 


0.055 

9.07 


0.0140 

0.588 


0.056 

9.41 

27 

0.0142 

0.606 


0.057 

9.75 


0.0150 

0.675 

15 

0.0571 

9.78 

26 

0.0159 

0.759 


0.058 

10.11 

* 

0.0160 

0.768 


0.059 

10.45 


0.0170 

0.867 


0.060 

10.81 

25 

0.0179 

0.961 


0.061 

11.18 


0.0180 

0.972 


0.062 

11.53 


0.0190 

1.08 


0.063 

11.91 


0.0200 

1.20 


0.064 

12.30 

24 

0.0201 

1.21 

14 

0.0641 

12.34 


0.0210 

1.32 


0.065 

12.69 


0.0220 

1.45 


0.066 

13.09 

23 

0.0226 

1.53 


0.067 

13.48 


0.0230 

1.59 


0.068 

13.89 


0.0240 

1.73 


0.069 

14.30 


0.025 

1.88 


0.070 

14.70 

22 

0.0253 

1.92 


0.071 

15.12 


0.026 

2.03 

13 

0.0720 

15.56 


0.027 

2.19 


0.073 

16.01 


0.028 

2.35 


0.074 

16.42 

21 

0.0285 

2.44 


0.075 

16.88 


0.029 

2.52 


0.076 

17.32 


0.030 

2.70 


0.077 

17.81 


0.031 

2.88 


0.078 

18.27 

20 

0.0320 

3.07 


0.079 

18.75 


0.033 

3.27 


0.080 

19.20 


0.034 

3.47 

12 

0.0808 

19.60 


0.035 

3.68 


0.081 

19.70 

19 

0.0359 

3.87 


0.082 

20.20 


0.036 

3.89 


0.083 

20.70 


0.084 

21.2 


0.180 

97.2 


0.085 

21.7 

5 

0.1819 

99.3 


0.086 

22.2 | 


0.185 

102.8 
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TABLE P-8 (Cont.) 


B. & S. 
Gauge 

Diameter 

in. 

Lb. per 

1000 ft. 

B. & S. 
Gauge 

Diameter 

in. 

Lb. per 

1000 ft. 


0.087 

22.7 


0.190 

108.3 


0.088 

23.2 


0.195 

114.1 


0.089 

23.8 


0.200 

120.0 


0.090 

24.3 

4 

0.2043 

125.3 

11 

0.0907 

24.7 


0.205 

126.2 


0.091 

24.8 


0.210 

132.3 


0.092 

25.4 


0.215 

138.8 


0.093 

25.9 


0.220 

145.2 


0.094 

26.5 


0.225 

152.0 


0.095 

27.1 

3 

0.2294 

158.1 


0.096 

27.7 


0.230 

158.8 


0.097 

28.2 


0.235 

165.8 


0.098 

28.8 


0.240 

172.8 


0.099 

29.4 


0.245 

180.3 


0.100 

30.0 


0.250 

187.5 


0.101 

30.6 


0.255 

195.2 

10 

0.1019 

31.1 

2 

0.2576 

199.0 


0.102 

31.3 


0.260 

203.0 


0.103 

31.9 


0.265 

211.0 


0.104 

32.5 


0.270 

219.0 


0.105 

33.1 


0.275 

227.0 


0.106 

33.8 


0.280 

235.0 


0.107 

34.4 


0.285 

243.0 


0.108 

35.0 

1 

0.2893 

251.0 


0.109 

35.7 


0.290 

252.0 


0.110 

36.3 


0.295 

261.0 


0.111 

37.0 


0.300 

270.0 


0.112 

37.7 


0.305 

279.0 


0.113 

38.4 


0.310 

288.0 


0.114 

39.1 


0.315 

297.0 

9 

0.1144 

39.4 


0.320 

307.0 


0.115 

39.8 

0 

0.325 

317.0 


0.116 

40.4 


0.330 

327.0 


0.117 

41.1 


0.335 

337.0 


0.118 

41.8 


0.340 

347.0 


0.119 

42.5 


0.345 

357.0 


0.120 

43.3 


0.350 

368.0 


0.121 

44.0 


0.355 

378.0 


0.122 

44.7 


0.360 

389.0 


0.123 

45.4 

00 

0.365 

400.0 


0.124 

46.2 


0.370 

411.0 


0.125 

46.9 


0.375 

422.0 

8 

0.1285 

49.6 


0.380 

434.0 


0.130 

50.6 


0.390 

457.0 


0.135 

54.8 


0.400 

480.0 


0.140 

58.8 

000 

0.410 

504.0 

7 

0.1443 

62.6 


0.420 

529.0 


0.145 

63.1 


0.430 

555.0 


0.150 

67.5 


0.440 

581.0 


0.155 

72.1 


0.450 

608.0 


0.160 

76.8 


0.460 

635.0 

6 

0.1620 

78.9 


0.470 

663.0 


0.165 

81.8 


0.480 

691.0 


0.170 

86.7 


0.490 

720.0 


0.175 

92.0 


0.500 

750.0 


* Weights of other materials in wire form may be obtained by the use of the factors 
given in Table P-13. 
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TABLE P-9 
Conversion Factors 


Multiply 

By 

To Obtain 

atmospheres (atm.). 

76.0 

33.899 

29.921 

10,333.0 

2,116.32 

14.696 

1.0581 

cm. of mercury at 0° C. 
ft. of water at 39.2° F. 
in. of mercury at 32° F. 
kg./sq. m. 
lb./sq. ft. 
psi. 

tons, short,/sq. ft. 


British Thermal Units 
(Btu.)*. 

251.98 

777.98 

0.389 

0.0003929 

1,054.8 

0.252 

107.56 

0.000293 

0.001036 

cal.* 

ft-lb. 

ft-tons 

hp-hr. 

joules (abs.) 
kg-cal. 
kg-m. 
kw-hr. 

lb. water evaporated from and 
at 212° F. (100® C.) 

Btu./cu. ft. 

8.90 

kg-cal./cu. m. 

Btu./hr. 

12.96 

0.000393 

0.000293 

ft-lb./min. 

hp. 

kw. 

Btu./min. 

0.023575 

0.01758 

hp. 

kw. 

Btu./lb... 

0.5556 

2.3255 

cal./gm. 

joules/gm. 


Btu./sq. ft./hr./° F. 

0.0001357 

4.88 

0.000566 

cal./sq. cm./sec./° C. 
kg-cal./sq. m./hr./° C. 
Watts/sq. cm./° C. 

Btu./sq. ft./hr./° F./ft. . . . 

12.0 

0.0413 

1.488 

0.01728 

Btu./sq. ft./hr./° F./in. 
cal./sq. cm./sec./° C./cm. 
kg-cal./sq. m./hr./° C./m. 
watts/sq. cm./° C./cm. 

Btu./sq. ft./hr./° F./in.. . . 

0.0833 

0.000344 

0.1240 

0.001442 

Btu./sq. ft./hr./° F./ft. 
cal./sq. cm./sec./° C./cm. 
kg-cal./sq. m./hr./° C./m. 
watts/sq. cm./° C./cm. 


* All uses of Btu. and cal. in this table will be Btu. (mean) and cal. (mean). All uses 
of cal. will refer to a gram calorie; all uses of kg-cal. will refer to a kilogram calorie. 
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TABLE P-9 (Con t.) 


Multiply 

By 

To Obtain 


0.003968 

Btu. 


3.0874 

ft-lb. 


0.000001559 

hp-hr. 

calories (cal.). 

4.186 

joules (abs.) 

0.001 

kg-cal. 

A 

0.42685 

kg-m. 


0.000001163 

kw-hr. 


0.004089 

lb. water evaporated from and 
at 212° F. (100° C.) 


4.186 

w-sec. 

cal./cu. cm. 

112.3 

Btu./cu. ft. 

cal./gm. 

1.80 

Btu./lb. 

cal./sq. cm./sec./° C. 

7,370.0 

Btu./sq. ft./hr./ 0 F. 

36,000.0 

kg-cal./sq. m./hr./° C. 


4.186 

watts/sq. cm./° C. 

cal./sq. cm./sec./° C./cm... 

242.0 

Btu./sq. ft./hr./° F./ft. 

2,900.0 

Btu./sq. ft./hr./° F./in. 


360.0 

kg-cal./sq. m./hr./° C./m. 


4.186 

watts/sq. cm./° C./cm. 


0.032808 

ft. 

centimeters (cm.). 

0.3937 

in. 


10,000.0 

microns 


393.7 

mils 


0.013158 

atm. 

cm. of mercury at 0° C. 

0.44604 

ft. of water at 39.2° F. 

0.3937 

in. of mercury 


135.95 

kg./sq. m. 


0.19337 

psi. 

cm./sec. 

1.9685 

ft./min. 

0.0360 

km./hr. 


0.02237 

mile/hr. 

cir. mils. 

0.0000007854 

sq. in. 


0.00050674 

sq. mm. 

circular millimeters 



(cir. mm.). 

0.7854 

sq. mm. 


0.0000353 

cu. ft. 


0.061 

cu.in. 

cubic centimeters (cu. cm.). 

0.000001 

cu. m. 

0.00022 

gal. (Imp.) 


0.0002642 

gal. (U. S.) 

1 . 


0.00999973 


0.0338 

oz. (fluid) 
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APPENDIX 


TABLE P-9 (ContJ 


Multiply 

By 

To Obtain 


0.0160 

cu. ft./lb. 

cu. cm./gm. 

27.7 

cu. in./lb. 


0.001 

l./gm. 


0.00212 

cu. ft./min. 


3.66 

cu. in./min. * 

cu. cm./sec. 

0.00006 

cu. m./min. 


0.0132 

gal./min. (Imp.) 


0.01584 

gal./min. (U.S.) 


0.0006 

l./min. 


28,317.0 

cu. cm. 


1,728.0 

cu.in. 

cubic feet (cu. ft.). 

0.03704 

cu. yd. 


6.229 

gal. (Imp.) 


7.4810 

gal. (U.S.) 


28.316 

1 . 


472.0 

cu. cm./sec. 

cu. ft./min. 

28.8 

cu. in./sec. 


448.831 

gal. /hr. 


1,698.96 

l./hr. 

cu. ft./lb. 

62.4 

cu. cm./gm. 


0.0624 

cu. m./kg. 

cu. ft./sec. 

373.733 

gal. (Imp.)/min. 


448.831 

gal. (U.S.)/min. 


16.3872 

cu. cm. 


0.0005787 

cu. ft. 


0.00001638 

cu. m. 

cubic inches (cu. in.). 

0.00002143 

cu. yd. 


0.003606 

gal. (Imp.) 


0.004329 

gal. (U.S.) 


0.01639 

1 . 

cu. in./min. 

0.273 

cu. cm./sec. 


0.0347 

cu. ft./min. 


0.000983 

cu. m./min. 

cu. in./sec. 

0.216 

gal. (Imp.)/min. 


0.260 

gal. (U.S.)/min. 


0.983 

l./min. 

cu. in./lb. 

0.0361 

cu. cm./gm. 


0.0000361 

cu. m./kg. 


35.3144 

cu. ft. 


1.3079 

cu. yd. 

cubic meters (cu. m.). 

219.97 

gal. (Imp.) 


264.173 

gal. (U.S.) 


999.973 

1 
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A P P E N D I X 


TABLE P-9 (Cont.) 


Multiply 

By 

To Obtain 

cu. m./kg. 

1,000.0 

16.02 

27,700.0 

cu. cm./gm. 
cu. ft./lb. 
cu. in./lb. 


cu. m./min. 

16,670.0 

1,015.0 

cu. cm./sec. 
cu. in./sec. 


cubic yard (cu. yd.). 

27.0 

46,656.0 

0.7646 

168.18 

201.987 

764.54 

cu. ft. 
cu. in. 
cu. m. 
gal. (Imp.) 
gal. (U.S.) 


degree Centigrade, temper¬ 
ature (deg. C.). 

1.8 

1.0 

deg. F. — 32 
deg. C. (abs.) — 273 


deg. C., temp, diff. 

1.8 

deg. F., temp. diff. 


degree Fahrenheit, temper¬ 
ature (deg. F.). 

0.556 

1.0 

deg. C. +17.79 
deg. F. abs. —459.4 


deg.- F., temp, diff. 

0.556 

deg. C., temp. diff. 


density (gm./cu. cm.). . . 

0.0361 

lb./cu. in. 


feet (ft.). 

30.48 

0.3048 

0.0001894 

cm. 

m. 

mile 


# 

ft.ofwaterat39.2°F. (4°C.). 

0.0295 

2.24 

0.88265 

304.79 

62.427 

0.43352 

atm. 

cm. of mercury 

in. of mercury at 32° F. 

kg./sq. m. 

lb./sq. ft. 

psi. 

ft. /min. 

0.508 

0.01829 

0.00508 

0.011364 

cm./sec. 
km./hr. 
m./sec. 
mile/hr. 


ft./sec. 

1.0973 

18.29 

0.6818 

km./hr. 
m./min. 
mile/hr. 


foot-pounds (ft-lb.). 

0.001285 

0.32389 

0.000000505 

1.3558 

0.000324 

0.13826 

0.000000377 

Btu. 

cal. 

hp-hr. 

joules (abs.) 
kg-cal. 
kg-m. 
kw-hr. 
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APPENDIX 


TABLE P-9 (Cont.) 


Multiply 

By 

To Obtain 

ft-lb./min. 

0.0771 

Btu./hr. 

0.0000303 

hp. 


0.01945 

kg-cal./hr. 


0.0000226 

kw. 


4.63 

Btu./hr. 


0.001818 

hp. 

ft-lb./sec. 

1.167 

kg-cal./hr. 


0.001356 

kw. 


4,546.08 

cu. cm. 


0.16054 

cu. ft. 


277.41 

cu.in. 

gallons (gal.) (Imp.) 

1.20094 

gal. (U.S.) 


4.546 

1. 


10.0 

lb. Avoir, water at 62° F. 
(16.7* C.) 


3,785.4 

cu. cm. 


0.13368 

cu. ft. 


231.0 

cu.in. 

gallons (gal.) (U.S.). 

0.83268 

gal. (Imp.) 


3.78533 


8.3378 

lb. Avoir, water at 62° F. 

(16.7° C.) 


128.0 

oz. (fluid) 


75.7 

cu. cm./sec. 

gal. (Imp.)/min. 

0.002674 

cu. ft./sec. 


4.62 

cu. in./sec. 


63.2 

cu. cm./sec. • 


8.0208 

cu. ft./hr. 


0.002228 

cu. ft./sec. 

gal. (U.S.)/min. 

3.85 

cu. in./sec. 


0.06308 

l./sec. 


6.0086 

tons water/24 hr. 


0.0648 

gm. 


0.0001428 

lb., Avoir. 


0.0001905 

lb., Troy 

grains (gr.). 

64.799 

mg. 


0.002286 

oz., Avoir. 


0.0020833 

oz., Troy 


15.4324 

gr. 


0.002205 

lb., Avoir. 

grams (gm.). 

0.002679 

lb., Troy 


0.03527 

oz., Avoir. 


0.03215 

oz., Troy 


0.060 

kg./hr. 

gm./min. 

0.1320 

lb./hr. 

0.0000367 

lb./sec. 
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APPENDIX 


TABLE P-9 (Cont.) 


Multiply 

By 

To Obtain 

gm./sec. 

3.60 

0.060 

7.92 

0.1320 

kg./hr. 
kg./min. 
lb./hr. 
lb./min. 


gm./cu. cm. 

62.43 

0.03613 

8.3454 

lb./cu. ft. 
lb./cu. in. 
lb./gal. (U.S.) 


gm./l. 

58.417 

1,000.0 

0.06243 

0.008345 

gr./gal. (U.S.) 
parts per million 
lb./cu. ft. 
lb./gal. (U.S.) 


gm./sq. in./hr. 

360,000.0 

mg./sq. dm./day (mdd.) 


horsepower (hp.). 

33,000.0 

550.0 

2,545.08 

42.418 

641.28 

10.688 

0.7457 

ft-lb./min. 

ft-lb./sec. 

Btu./hr. 

Btu./min. 

kg-cal./hr. 

kg-cal./min. 

kw. 


hp-hr. 

2,545.08 

1,980,000.0 

990.0 

2,684,500.0 

641.304 

273,740.0 

0.7457 

2.64 

Btu. 

ft-lb. 

ft-tons 

joules (abs.) 

kg-cal. 

kg-m. 

kw-hr. 

lb. water evaporated from and 
at 212° F. (100° C.) 


inches (in.). 

2.54 

0.254 

0.0833 

25.4 

0.02777 

cm. 

dm. 

ft. 

mm. 

yd. 


in. of mercury at 32° F.. . . 

0.03342 

1.133 

345.31 

70.727 

0.49116 

0.78586 

atm. 

ft. of water at 39.2° F. 
kg./sq. m. 
lb./sq. ft. 
psi. 

oz./sq. in. 

in.of waterat39.2°F. (4°C.) 

0.0024583 

0.1872 

0.07355 

25.399 

5.2022 

0.03614 

0.57818 

atm. 

cm. of mercury 
in. of mercury 
kg./sq. m. 
lb./sq. ft. 
psi. 

oz./sq. in. 
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APPENDIX, 


TABLE P-9 (Coat.) 


Multiply 

By 

To Obtain 


0.000948 

Btu. 


0.23889 

cal. 


0.73756 

ft-lb. 

joules (abs.). 

0.10197 

kg-m. 


0.000000277 

kw-hr. 


0.0098689 

l./atm. 


1.0 

w-sec. 


2.2046 

lb., Avoir. 


2.6792 

lb., Troy 


35.2739 

oz., Avoir. 

kilograms (kg.). 

32.1507 

oz., Troy 


0.000984 

tons, long 


0.001 

tons, metric 


0.001102 

tons, short 

kg./hr. 

16.67 

gm./min. 


0.0367 

lb./min. 

kg./min. 

16.67 

gm./sec. 


132.3 

lb./hr. 


0.001 

gm./cu. cm. 

kg./cu. m. 

0.06243 

lb./cu. ft. 


0.00003613 

lb./cu. in. 


0.00009677 

atm. 


0.007356 

cm. of mercury 


0.003281 

ft. of water 

kg./sq. m. 

0.002896 

in. of mercury 


0.0394 

in. of water 


0.20482 

lb./sq. ft. 


0.00142234 

psi. 


1,422.34 

psi. 

kg./sq. mm. 

0.635 

tons, long/sq. in. 


0.71117 

tons, short/sq. in. 


1,000.0 

cal. 


3.97 

Btu. 

kg-cal. 

3,087.4 

ft-lb. 


0.0015593 

hp-hr. 


426.85 

kg-m. 


0.0011628 

kw-hr. 


0.0661 

Btu./min. 

kg-cal./hr. 

51.4 

ft-lb./min. 


0.001558 

hp. 


0.001162 

kw. 


238.0 

Btu./hr. 

kg-cal./min. 

51.46 

ft-lb./sec. 


0.09356 

hp. 


0.0697 

kw. 














































APPENDIX 


TABLE P-9 (Coat.) 


Multiply 

By 

To Obtain 

kg-cal./cu. m. 

0.1123 

Btu./cu. ft. 

0.001 

cal./cu. cm. 

kg-cal./kg. 

1.800 

Btu./lb. 

1.000 

cal./gm. 


0.662 

Btu./sq. ft./hr./° F./ft. 

kg-cal./sq. m./hr./° C./m.. 

8.06 

Btu./sq. ft./hr./° F./in. 

0.00278 

cal./sq. cm./sec./ 0 C./cm. 


0.01162 

watts/sq. cm./° C./cm. 


0.0092967 

Btu. 


2.3427 

cal. 


7.233 

ft. lb. 

kg-m. 

0.003617 

ft-ton 

0.000003653 

hp-hr. 


9.80665 

joules (abs.) 


0.00235 

kg-cal. 


0.000002724 

kw-hr. 


3,280.83 

ft. 

kilometer (km.). 

0.62137 

mile 

1,093.6 

yd. 


27.778 

cm./sec. 


54.68 

ft./min. 

km./hr. 

0.9113 

ft./sec. 

16.667 

m./min. 


0.27778 

m./sec. 


3,413.04 

Btu./hr. 


56.884 

Btu./min. 


44,254.0 

ft-lb./min. 

kilowatt (kw.). 

737.56 

ft-lb./sec. 

1.341 

hp. 


860.0 

kg-cal./hr. 


14.3334 

kg-cal./min. 


3.53 

lb. water evaporated per hr. 
from and at 212° F. (100° C.) 


3,413.04 

Btu. 


2,655,200.0 

ft-lb. 


1,327.6 

ft-tons 


1.341 

hp-hr. 

kw-hr. 

860.0 

kg-cal. 

367,090.0 

kg-m. / V 


3,600,000.0 

joules (abs.) 


3.53 

lb. water evaporated from and 
at 212° F. (100° C.) 


1,000.027 

cu. cm. 


0.03532 

cu. ft. 


61.025 

cu. in. 

liters (1.) . 

0.220 

gal. (Imp.) 

0.2642 

gal. (U.S.) 


33.8143 

oz. (fluid) 










































APPENDIX 


TABLE P-9 (Coni.) 


Multiply 

By 

To Obtain 


16.67 

cu. cm./sec. 


2.11896 

cu. ft./min. 

l./min. 

1.015 

cu. in./sec. 


15.8507 

gal. (U.S.)/min. 


3.2808 

ft. 


39.37 

in. 

meters (m.). 

0.00062137 

mile 


1.0936 

yd. 


1.6667 

cm./sec. 

m./min. 

0.05468 

ft./sec. 


0.03728 

mi./hr. 


196.8 

ft./min. 

m./sec. 

3.60 

km./hr. 


2.2369 

mi./hr. 

microhms/cm. 3 . 

6.024 

ohms/cir. mil ft. 


5,280.0 

ft. 


63,360.0 

in. 

miles, statute. 

1.60935 

km. 


1,609.35 

m. 


1,760.0 

yd. 


44.7041 

cm./sec. 

mile/hr. 

88.0 

ft./min. 


1.4667 

ft./sec. 


26.82 

m./min. 


0.01543 

gr. 


0.000002205 

lb., Avoir. 

milligrams (mg.). 

0.000002679 

lb., Troy 


0.00003527 

oz., Avoir. 


0.00003215 

oz., Troy 

mg./sq. dm. 

0.0001076 

gm./sq. ft. 


0.0003279 

oz./sq. ft. 

mg./sq. dm./day (mdd.)... 

0.00747 

lb./sq. ft./yr. 

mm. 

0.00328 

ft. 


0.03937 

in. 

ohms/cir. mil ft. 

0.166 

microhms/cm. 3 


437.5 

gr. 


28.3495 

gm. 


0.0625 

lb., Avoir. 

ounces, Avoir, (oz.). 

0.07595 

lb., Troy 


0.91146 

oz., Troy 
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TABLE P-9 (Cont.) 


Multiply 

By 

To Obtain 

oz. (fluid). 

29.5737 

1.80469 

0.02957 

0.0625 

0.03125 

cu. cm. 
cu.in. 

1 . 

pt. (U.S.) 
qt. (U.S.) 


oz./sq. ft. 

3,050.0 

mg./sq. dm. 


oz., Troy. 

31.1035 

480.00 

0.06857 

0.0625 

1.09714 

gm. 

gr. 

lb., Avoir, 
lb., Troy 
oz., Avoir. 


pounds, Avoir, (lb.).... 

27.6873 

7,000.0 

453.5924 

16.0 

14.5833 

0.4535924 

1.21528 

0.0004464 

0.0004536 

0.00050 

cu. in. water at 4° C. 

gr. 

gm. 

oz., Avoir, 
oz., Troy 
kg. 

lb., Troy 
tons, long 
tons, metric 
tons, short 


Ib., Avoir./hr. 

7.57 

0.1262 

0.00757 

gm./min. 

gm./sec. 

kg./min. 


lb., Avoir./min. 

7.57 

27.2 

gm./sec. 

kg./hr. 


lb., Avoir./sec. 

1,632.0 

27.2 

kg./hr. 

kg./min. 


Ib., Avoir./cu. ft. 

0.0160 

16.0 

0.000579 

gm./cu. cm. 
kg./cu. m. 
lb./cu. in. 


lb., Avoir./cu. in. 

27.7 

27,680.0 

0.000578 

gm./cu. cm. 
kg./cu. m. 
lb./cu. ft. 


lb., Avoir./sq. in. 

0.068046 

5.172 

2.036 

27.7 

2.307 

0.70307 

0.00070307 

0.00045 

atm. 

cm. of mercury at 0° C. 
in. of mercury at 32° F. 
in. of water at 39.1° F. 
ft. of water at 39.1° F. 
kg./sq. mm. 
kg./sq. m. 
tons, long/sq. in. 


lb., Avoir./sq. ft./yr. 

133.8 

mg./sq. dm./day (mdd.) 
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APPENDIX 


TABLE P-9 (Cont.) 


Multiply 

By 

To Obtain 


965.7 

Btu. 


751,300.0 

ft-lb. 

lb. water evaporated from 

103,900.0 

kg-m. 

and at 212° F. (100° C.). 

0.379 

hp-hr. 


0.283 

kw-hr. 


1,019,000.00 

joules 


1,136.521 

cu. cm. 

quart, (Imp.), liquid (qt.) . 

1.20094 

qt. (U.S.) 


0.250 

gal. (Imp.) 


0.3002 

gal. (U.S.) 


946.358 

cu. cm. 


0.03342 

cu. ft. 


57.749 

cu.in. 

quart, (U.S.) liquid (qt.) . . 

0.2082 

gal. (Imp.) 


0.250 

gal. (U.S.) 


0.9463 

1. 


0.83268 

qt. (Imp.) 


197,350.0 

cir. mils 

square centimeter (sq. cm.). 

127.32 

cir. mm. 


0.0010764 

sq. ft. 


0.1550 

sq. in. 

square decimeter (sq. dm.). 

0.1076 

sq. ft. 


15.5 

sq. in. 


929.034 

sq. cm. 

sq. ft. 

144.0 

sq. in. 


0.0929 

sq. m. 


0.1111 

sq. yd. 


1,273,240.0 

cir. mils 


6.4516 

sq. cm. 


0.0645 

sq. dm. 

sq. in. 

0.00694 

sq. ft. 


0.0006452 

sq. m. 


645.16 

sq. mm. 


1,000,000.0 

sq. mils 


10.764 

sq. ft. 

sq. m. 

1,550.0 

sq. in. 


1.1959 

sq. yd. 


1.27324 

cir. mm. 


1,973.5 

cir. mils 

sq. mm. 

0.00001076 

sq. ft. 


0.00155 

sq. in. 


1,550.0 

sq. mils 


8,361.31 

sq. cm. 

sq. yd.. 

9.0 

sq. ft. 


1,296.0 

sq. in. 


0.8361 

sq. m. 


28 








































APPENDIX 


TABLE P-9 (ContJ 


Multiply 

By 

To Obtain 


1,016.047 

kg. 

tons, long. 

2,240.0 

lb., Avoir. 


1.016 

tons, metric 


1.120 

tons, short 


1,000.0 

kg. 

tons, metric. 

2,204.62 

lb., Avoir. 


0.9842 

tons, long 


1.10231 

tons, short 


907.185 

kg. 

tons, short. 

2,000.0 

lb., Avoir. 


0.89286 

tons, long 


0.907185 

tons, metric 

tons, long/sq. in. 

1.5755 

kg./sq. mm. 

tons, short/sq. in. 

1.4067 

kg./sq. mm. 


3.413 

Btu./hr. 


0.05688 

Btu./min. 


0.2389 

cal. /sec. 


0.86 

kg-cal./hr. 


0.014333 

kg-cal./min. 

watts (w.). 

44.254 

ft-lb./min. 


0.73756 

ft-lb./sec. 


0.001341 

hp. 


1.00 

joules/sec. 


0.001 

kw. 


3.413 

Btu. 


860.01 

cal. 

w-hr. 

2,655.3 

ft-lb. 


0.001341 

hp-hr. 


0.860 

kg-cal. 


367.09 

kg-m. 


0.239 

cal./sq. cm./sec./° C. 

w./sq. cm./° C. 

1,767.0 

Btu./sq. ft./hr./° F. 


8,610.0 

kg-cal./sq. m./hr./° C. 


0.239 

cal./sq. cm./sec./° C./cm. 

w./sq. cm./° C./cm. 

57.8 

Btu./sq. ft./hr./° F./ft. 


694.0 

Btu./sq. ft./hr./° F./in. 


86.1 

kg-cal./sq. m./hr./° C./m. 


91.44 

cm. 


3.0 

ft. 

yards, (yd.). 

36.0 

in. 


0.0009144 

km. 


0.9144 

m. 


0.000568 

mile 
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APPENDIX 


TABLE P-10 

Weights and Measures 
UNITED STATES 


Length and Distance 

1 foot = 12 inches 
1 yard = 3 feet 
1 rod = 5^ yards 
1 furlong = 40 rods 
1 mile = 8 furlongs 
1 fathom = 6 feet 
1 cable = 120 fathoms 
1 nautical mile = 6080.2 feet 
1 knot = 1 nautical mile per hour 

Board 

1 board foot (1 square foot x 1 inch 
thick) = 144 cubic inches 

Avoirdupois 

1 dram = 27.34 grains* 

1 ounce =16 drams 
1 pound =16 ounces 
1 cental =100 pounds 
1 short ton = 2000 pounds 
1 long ton = 2240 pounds 
1 stone = 14 pounds 
1 hundredweight = 8 stone 
1 long ton = 20 hundredweight 

Troy 

1 pennyweight = 24 grains* 

1 ounce = 20 pennyweights 
1 pound =12 ounces 


Apothecaries' 

1 scruple = 20 grains* 

1 dram = 3 scruples 
1 ounce = 8 drams 
1 pound =12 ounces 

Circular 

1 minute = 60 seconds 
1 degree = 60 minutes 
1 quadrant = 90 degrees 
1 circumference = 360 degrees 
1 radian = 57.2958 degrees (57 de¬ 
grees, 17 minutes, 44.806 seconds) 

1 circumference = 3.14159 radians 

Area 

1 square foot = 144 square inches 
1 square yard = 9 square feet 

Volume 

1 cubic foot = 1728 cubic inches 
1 cubic yard = 27 cubic feet 

Liquid 

1 pint = 4 gills 
1 quart = 2 pints 
1 gallon = 4 quarts 
1 dram = 60 minims 
1 ounce = 8 drams 
1 pint = 16 ounces 


# The grain in all cases is the same actual weight. 
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APPENDIX 


TABLE P-10 (Cont.) 


METRIC 


Length and Distance 

1 millimeter = 1000 microns 
1 centimeter =10 millimeters 
1 decimeter =10 centimeters 
1 meter = 10 decimeters 
1 dekameter =10 meters 
1 hectometer =10 dekameters 
1 kilometer = 10 hectometers 

Weight 

1 milligram = 1000 micrograms 
1 centigram = 10 milligrams 
1 decigram =10 centigrams 
1 gram = 10 decigrams 
1 dekagram = 10 grams 
1 hectogram = 10 dekagrams 
1 kilogram = 10 hectograms 
1 quintal = 100 kilograms 
1 metric ton = 1000 kilograms 

Area 

1 square centimeter = 100 square 
millimeters 


1 square decimeter = 100 square 
centimeters 

1 square meter =100 square 
decimeters 

1 square dekameter = 100 square 
meters 

1 square hectometer = 100 square 
dekameters 

1 square kilometer = 100 square 
hectometers 

Volume 

1 cubic centimeter = 1000 cubic 
millimeters 

1 cubic decimeter = 1000 cubic 
centimeters 

1 cubic meter = 1000 cubic decimeters 

1 cubic dekameter = 1000 cubic 
meters 

1 cubic hectometer = 1000 cubic 
dekameters 

1 cubic kilometer = 1000 cubic 
hectometers 

1 liter = 1000.027 cubic centimeters 

1 milliliter = 1.000027 cubic 
centimeters 
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TABLE P-11 

Circumferences and Areas of Circles 


Diameter 

in. 

Circumference 

in. 

Area 
sq. in. 

Diameter 

in. 

Circumference 

in. 

Area 
sq. in. 

% 

0.0491 

0.00019 

2'A 

7.854 

4.909 


0.0982 

0.00077 

2Vs 

8.247 

5.412 

% 

0.1473 

0.00173 

2 z /i 

8.639 

5.940 

Hi 

0.1963 

0.00307 

2% 

9.032 

6.492 

%4 

0.2454 

0.00479 

3 

9.425 

7.069 

% 

0.2945 

0.00690 

sy 

10.21 

8.296 

% 

0.3436 

0.00940 

3'A 

11.00 

9.621 

H 

0.3927 

0.01227 

3H 

11.78 

11.04 

% 

0.4418 

0.01553 

4 

12.57 

12.57 

% 

0.4909 

0.01917 

*y 

13.35 

14.19 

% 

0.5400 

0.02320 

4K 

14.14 

15.90 

% 

0.5890 

0.02761 

4 H 

14.92 

17.72 

% 

0.6381 

0.03241 

5 

15.71 

19.63 

% 

0.6872 

0.03758 

sy 

16.49 

21.65 

% 

0.7363 

0.04314 

sy 2 

17.28 

23.76 

M 

0.7854 

0.04909 

5y 

18.06 

25.97 

% 

0.8836 

0.06213 

6 

18.85 

28.27 

He 

0.9817 

0.07670 

oy 

19.63 

30.68 

% 

1.080 

0.09281 

6y 

20.42 

33.18 


1.178 

0.1104 

6y 

21.21 

35.78 

% 

1.276 

0.1296 

7 

21.99 

38.48 

He 

1.374 

0.1503 

7y 

22.78 

41.28 

% 

1.473 

0.1726 

7 y 2 

23.56 

44.18 

y 2 

1.571 

0.1963 

7 y 

24.35 

47.17 

% 

1.767 

0.2485 

8 

25.13 

50.27 

A 

1.963 

0.3068 

sy 

25.92 

53.46 

% 

2.160 

0.3712 

sy 2 

26.70 

56.75 

% 

2.356 

0.4418 

sy 

27.49 

60.13 

l He 

2.553 

0.5185 

9 

28.27 

63.62 

y 8 

2.749 

0.6013 

9y 

29.06 

67.20 

% 

2.945 

0.6903 

9y 2 

29.85 

70.88 

1 

3.142 

0.7854 

9y 

30.63 

74.66 

lHi 

3.338 

0.8866 

10 

31.42 

78.54 

iy 8 

3.534 

0.9940 

n 

34.56 

95.03 

1*6 

3.731 

1.108 

12 

37.70 

113.1 

lHt 

3.927 

1.227 

13 

40.84 

132.7 

1*6 

4.123 

1.353 

14 

43.98 

153.9 


4.320 

1.485 

15 

47.12 

176.7 

1*6 

4.516 

1.623 

16 

50.27 

201.1 

1 ^ 

4.712 

1.767 

17 

53.41 

227.0 

1% 

4.909 

1.917 

18 

56.55 

254.5 

1** 

5.105 

2.074 

19 

59.69 

283.5 

1% 

5.301 

2.237 

20 

62.83 

314.2 

m 

5.498 

2.405 

21 

65.97 

346.4 

l 13 /f 6 

5.694 

2.580 

22 

69.12 

380.1 


5.890 

2.761 

23 

72.26 

415.5 

i 15 /ii 

6.087 

2.948 

24 

75.40 

452.4 

2 

6.283 

3.142 

25 

78.54 

490.9 

2H 

6.676 

3.547 

26 

81.68 

530.9 

2M 

7.069 

3.976 

27 

84.82 

572.6 

2^ 

7.461 

4.430 

28 

87.96 

615.8 
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TABLE P-11 (Cont.) 


Diameter 

in. 

Circumference 

in. 

Area 
sq. in. 

29 

91.11 

660.5 

30 

94.25 

706.9 

31 

97.39 

754.8 

32 

100.5 

804.2 

33 

103.7 

855.3 

34 

106.8 

907.9 

35 

110.0 

962.1 

36 

113.1 

1018.0 

37 

116.2 

1075.0 

38 

119.4 

1134.0 

39 

122.5 

1195.0 

40 

125.7 

1257.0 

41 

128.8 

1320.0 

42 

131.9 

1385.0 

43 

135.1 

1452.0 

44 

138.2 

1521.0 

45 

141.4 

1590.0 

46 

144.5 

1662.0 

47 

147.7 

1735.0 

48 

150.8 

1810.0 

49 

153.9 

1886.0 

50 

157.1 

1963.0 

51 

160.2 

2043.0 

52 

163.4 

2124.0 

53 

166.5 

2206.0 

54 

169.6 

2290.0 

55 

172.8 

2376.0 

56 

175.9 

2463.0 

57 

179.1 

2552.0 

58 

182.2 

2642.0 

59 

185.4 

2734.0 

60 

188.5 

2827.0 

61 

191.6 

2922.0 

62 

194.8 

3019.0 

63 

197.9 

3117.0 

64 

201.1 

3217.0 


Diameter 

in. 

Circumference 

in. 

Area 
sq. in. 

65 

204.2 

3318.0 

66 

207.3 

3421.0 

67 

210.5 

3526.0 

68 

213.6 

3632.0 

69 

216.8 

3739.0 

70 

219.9 

3848.0 

71 

223.1 

3959.0 

72 

226.2 

4072.0 

73 

229.3 

4185.0 

74 

232.5 

4301.0 

75 

235.6 

4418.0 

76 

238.8 

4536.0 

77 

241.9 

4657.0 

78 

245.0 

4778.0 

79 

248.2 

4902.0 

80 

251.3 

5027.0 

81 

254.5 

5153.0 

82 

257.6 

5281.0 

83 

260.8 

5411.0 

84 

263.9 

5542.0 

85 

267.0 

5675.0 

86 

270.2 

5809.0 

87 

273.3 

5945.0 

88 

276.5 

6082.0 

89 

279.6 

6221.0 

90 

282.7 

6362.0 

91 

285.9 

6504.0 

92 

289.0 

6648.0 

93 

292.2 

6793.0 

94 

295.3 

6940.0 

95 

298.5 

7088.0 

96 

301.6 

7238.0 

97 

304.7 

7390.0 

98 

307.9 

7543.0 

99 

311.0 

7698.0 

100 

314.2 

7854.0 
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TABLE P-12 


Sizes for Various Standard Gauges*, in. 


Gauge No. 

1 Mod. U. S. Std. 

Inco Sheet and 

1 Strip Gauge 

! U. S. Std. Ga. 

j Sheet Iron 

i 

U. S. Std. Ga. 

Sheet Steel 

Am. Wire Ga. 
or B. & S. Ga. 

Inco Wire 

Birmingham Wire Ga. 

or Stubs’ Ga. 

Inco Tubing 

American 

Zinc Ga. 

Washburn & Moen or 

Roebling Ga. 

Birmingham Ga. 

Imperial Std. 

Wire Ga. 

German Thin 

Sheet Ga. 

Paris or 

French Ga. 

Wood and Mach. 

Screw Diam. 

0000000 

0.500 

0.490 

0.500 




0.490 

0.6666 

0.500 




000000 

0.469 

0.460 

0.469 

0.5800 



0.460 

0.6250 

0.464 




00000 

0.438 

0.429 

0.438 

0.5165 



0.430 

0.5883 

0.432 




0000 

0.406 

0.398 

0.406 

0.4600 

0.454 


0.393 

0.5416 

0.400 




000 

0.375 

0.368 

0.375 

0.4096 

0.425 


0.362 

0.5000 

0.372 




00 

0.344 

0.337 

0.344 

0.3468 

0.380 


0.331 

0.4452 

0.348 




0 

0.312 

0.306 

0.312 

0.3249 

0.340 


0.307 

0.3964 

0.324 


0.0197 

0.060 

1 

0.2812 

0.2757 

0.281 

0.2893 

0.300 

0.002 

0.283 

0.3532 

0.300 


0.0236 

0.073 

2 

0.2656 

0.2604 

0.265 

0.2576 

0.284 

0.004 

0.263 

0.3147 

0.276 


0.0276 

0.086 

3 

0.2500 

0.2451 

0.250 

0.2294 

0.259 

0.006 

0.244 

0.2804 

0.252 

0.1772 

0.0315 

0.099 

4 

0.2344 

0.2298 

0.234 

0.2043 

0.238 

0.008 

0.225 

0.2500 

0.232 

0.1673 

0.0354 

0.112 

5 

0.2188 

0.2145 

0.218 

0.1819 

0.220 

0.010 

0.207 

0.2225 

0.212 

0.1575 

0.0394 

0.125 

6 

0.2031 

0.1991 

0.203 

0.1620 

0.203 

0.012 

0.192 

0.1981 

0.192 

0.1476 

0.0433 

0.138 

7 

0.1875 

0.1838 

0.187 

0.1443 

0.180 

0.014 

0.177 

0.1764 

0.176 

0.1378 

0.0472 

0.151 

8 

0.1719 

0.1685 

0.171 

0.1285 

0.165 

0.016 

0.162 

0.1570 

0.160 

0.1280 

0.0512 

0.164 

9 

0.1562 

0.1532 

0.156 

0.1144 

0.148 

0.018 

0.148 

0.1398 

0.144 

0.1181 

0.0551 

0.177 

10 

0.1406 

0.1379 

0.140 

0.1019 

0.134 

0.020 

0.135 

0.1250 

0.128 

0.1083 

0.0591 

0.190 

11 

0.1250 

0.1225 

0.125 

0.0907 

0.120 

0.024 

0.120 

0.1113 

0.116 

0.0984 

0.0630 

0.203 

12 

0.1094 

0.1072 

0.109 

0.0808 

0.109 

0.028 

0.105 

0.0991 

0.104 

0.0886 

0.0709 

0.216 

13 

0.0938 

0.0919 

0.093 

0.0720 

0.095 

0.032 

0.092 

0.0882 

0.092 

0.0787 

0.0787 


14 

0.0781 

0.0766 

0.078 

0.0641 

0.083 

0.036 

0.080 

0.0785 

0.080 

0.0689 

0.0866 

0.242 

15 

0.0703 

0.0689 

0.070 

0.0571 

0.072 

0.040 

0.072 

0.0699 

0.072 

0.0591 

0.0945 


16 

0.0625 

0.0613 

0.062 

0.0508 

0.065 

0.045 

0.063 

0.0625 

0.064 

0.0541 

0.1063 

0.268 

17 

0.0562 

0.0551 

0.056 

0.0453 

0.058 

0.050 

0.054 

0.0556 

0.056 

0.0492 

0.1181 


18 

0.0500 

0.0490 

0.050 

0.0403 

0.049 

0.055 

0.047 

0.0495 

0.048 

0.0443 

0.1339 

0.294 

19 

0.0438 

0.0429 

0.043 

0.0359 

0.042 

0.060 

0.041 

0.0440 

0.040 

0.0394 

0.1535 


20 

0.0375 

0.0368 

0.037 

0.0320 

0.035 

0.070 

0.035 

0.0392 

0.036 

0.0344 

0.1732 

0.320 

21 

0.0344 

0.0337 

0.034 

0.0285 

0.032 

0.080 

0.032 

0.0349 

0.032 

0.0295 

0.1929 


22 

0.0312 

0.0306 

0.031 

0.0253 

0.028 

0.090 

0.028 

0.03125 

0.028 

0.0246 

0.2126 

0.346 

23 

0.0281 

0.0276 

0.028 

0.0226 

0.025 

0.100 

0.025 

0.02782 

0.024 

0.0221 

0.2323 


24 

0.0250 

0.0245 

0.025 

0.0201 

0.022 

0.125 

0.023 

0.02476 

0.022 

0.0197 

0.2520 

0.372 

25 

0.0219 

0.0214 

0.021 

0.0179 

0.020 

0.250 

0.020 

0.02204 

0.020 

0.0172 

0.2756 


26 

0.0188 

0.0184 

0.018 

0.0159 

0.018 

0.375 

0.018 

0.01961 

0.018 

0.0148 

0.2992 

0.398 

27 

0.0172 

0.0169 


0.0142 

0.016 

0.500 

0.017 

0.01745 

0.0164 

0.0118 

0.3228 


28 

0.0156 

0.0153 


0.0126 

0.014 


0.016 

0.01563 

0.0148 


0.3465 

0.424 

29 

0.0141 

0.0138 


0.0113 

0.013 


0.015 

0.0139 

0.0136 


0.3701 


30 

0.0125 

0.0123 


0.0100 

0.012 


0.014 

0.0123 

0.0124 


0.3937 

0.450 

31 

0.0109 

0.0107 


0.00893 

0.010 


0.013 

0.0110 

0.0116 




32 

0.0102 

0.0100 


0.00795 

0.009 


0.012 

0.0098 

0.0108 




33 

0.0094 

0.0092 


0.00708 

0.008 


0.011 

0.0087 

0.0100 




34 

0.0086 

0.0084 


0.00630 

0.007 


0.010 

0.0077 

0.0092 




35 

0.0078 

0.0077 


0.00561 

0.005 


0.0095 

0.0069 

0.0084 




36 

0.0070 

0.0069 


0.00500 

0.004 


0.0090 

0.0061 

0.0076 




37 

0.0066 

0.0065 


0.00445 



0.0085 

0.0054 

0.0068 




38 

0.0062 

0.0061 


0.00397 



0.0080 

0.0048 

0.0060 




39 

0.0059 

0.0057 


0.00353 



0.0075 

0.0043 

0.0052 




40 

0.0055 

0.0054 


0.00314 



0.0070 

0.00386 

0.0048 

















* Bureau of Standards Circular No. 31, 1914. 
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NOTES TO TABLE P-12 

Column 1-Inco Sheet and Strip Gauge 

alwaj^sTe orderedTby thickness in™ ^nce the ^ eareSt 0 001 in * Material should 

are only the nearest^. S. gauge number? th g gC numbers are not standard practice but 

Column 2—U. S. Standard Gauge (Iron) 

C °TT Um i X r 3 “ U -* S * Standard Gauge (Steel) 

Column 5—Birmingham Wire Gauge 

Used only on zinc sheet and plate. 

Column 7—Steel Wire Gauge 

Also known as Washburn and Moen, or Roebling gauge. Used for steel spring wire only. 

Column 8—Birmingham Gauge 

British standard for ferrous sheets. Not to be confused with Birmingham Wire Gauge 

Column 9—Imperial Standard Wire Gauge 

British standard for non-ferrous sheet and for ferrous and non-ferrous wire 

Column 10—German Thin Sheet Gauge 

gaYgedesIgnations 8 Nonferrous sheets are produced to mm. thickness with no 

Column 11—Paris Gauge 

numDers running in the reverse order and preceded by the letter “P.” K K 

Column 12—Wood and Machine Screw Sizes 

nated e b r y C s" ze N num n bers and A ’ S ' M - E - Standar<1 ^“meters for wood and machine screws desig- 


TABLE P-13 


Dens ity and Weight of Some Metals and Alloys 


Material 


Monel. 

4< R"* Monel 
“K”* Monel 


Nickel. 

"z”* Nickel.;;;;;;; 

Inconel. 

Stainless Steel (Type 410). 
Stainless Steel (Typse 304) 

S.A.E. 1020 Steel. 

Brass (65-35). 

Silicon Bronze. 

Phosphor Bronze. 

Nickel Silver (18 per cent). 

Invar. 

Aluminum. 

Copper. 

Platinum. 

Silver. 


* Reg. U. S. Pat. Off. 
t For use in preceding tables. 


Density 

Factorf 

gm./cc. 

lb./cu. in. 

lb./cu. ft. 

8.84 

0.319 

552 

1.000 

8.84 

0.319 

552 

1.000 

8.47 

0.306 

529 

0.958 

8.89 

0.321 

555 

1.005 

8.75 

0.316 

546 

0.989 

8.51 

0.307 

530 

0.960 

7.67 

0.277 

479 

0.867 

7.92 

0.286 

494 

0.895 

7.86 

0.284 

491 

0.890 

8.47 

0.306 

529 

0.958 

8.54 

0.308 

532 

0.964 

8.86 

0.320 

553 

1.002 

8.75 

0.316 

546 

0.989 

8.09 

0.292 

504 

0.913 

2.72 

0.098 

170 

0.308 

8.92 

0.322 

556 

1.007 

21.40 

0.772 

1335 

2.419 

10.50 

0.379 

652 

1.185 
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TABLE P-14 


Decimal and Metric Equivalents of Parts of an Inch 


In. 

In. 

Mm. 

In. 

In. 

Mm. 

Hi 

0.015625 

0.39687 


0.515625 

13.09671 


0.03125 

0.79374 

% 

0.53125 

13.49362 

Hi 

0.046875 

1.19061 


0.546875 

13.89045 

He 

0.0625 

1.58748 


0.5625 

14.28737 

Hi 

0.078125 

1.98435 

% 

0.578125 

14.68419 

Ha. 

0.09375 

2.38123 


0.59375 

15.08111 

Hi 

0.109375 

2.77809 


0.609375 

15.47793 

Vs 

0.125 

3.17497 

H 

0.625 

15.87485 

Hi 

0.140625 

3.57183 

4 MSi 

0.640625 

16.27167 

fZ 

0.15625 

3.96871 

% 

0.65625 

16.66859 

n Hi 

0.171875 

4.36557 

4 % 

0.671875 

17.06541 

He 

0.1875 

4.76245 

% 

0.6875 

17.46234 


0.203125 

5.15931 

4 ¥i 

0.703125 

17.85915 

H 2 

0.21875 

5.55620 

% 

0.71875 

18.25608 

l Hi 

0.234375 

5.95305 

4 % 

0.734375 

18.65289 

l A 

0.25 

6.34994 

V* 

0.75 

19.04982 

l Hi 

0.265625 

6.74679 

4 % 

0.765625 

19.44663 

% 

0.28125 

7.14368 

% 

0.78125 

19.84356 

l Hi 

0.296875 

7.54053 

5 !4 

0.796875 

20.24037 

He 

0.3125 

7.93743 

% 

0.8125 

20.63731 

2 Hi 

0.328125 

8.33427 


0.828125 

21.03411 

U H2 

0.34375 

8.73117 

% 

0.84375 

21.43105 

2 Hi 

0.359375 

9.12801 


0.859375 

21.82785 

Vs 

0.375 

9.52491 

Vs 

0.875 

22.22479 

2 Hi 

0.390625 

9.92175 

5 % 

0.890625 

22.62159 

l Hi 

0.40625 

10.31865 


0.90625 

23.01853 

2 Hi 

0.421875 

10.71549 

5 % 

0.921875 

23.41533 

He 

0.4375 

11.11240 

% 

0.9375 

23.81228 

2 Hi 

0.453125 

11.50923 

% 

0.953125 

24.20907 

l Hi 

0.46875 

11.90614 

% 

0.96875 

24.60602 

3 Hi 

0.484375 

12.30297 

<% 

0.984375 

25.00281 

y 2 

0.5 

12.69988 

1 

1.0 

25.39977 
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DEFINITIONS 

Age-Hardening. ( Precipitation-Hardening ) 

The process of increasing the strength and hardness of a metallic 
material, accomplished by a relatively low-temperature thermal treat¬ 
ment which causes precipitation, from solid solution, of a second 
structural component, or phase, which usually is submicroscopic (Sec¬ 
tion M) 

Annealing 

(See also Normalizing, Stress-Equalizing Annealing, and Stress-Relief Annealing) 
Heating and subsequent cooling, usually of metallic materials, to 
induce softness or a relief of internal stress resulting from recrystalliza- 
Uon, (the cooling rate may or may not be critical depending upon the 
alloy), and in an age-hardening alloy to put the hardening phase back 
into solution. (Section M) 

Brinell Hardness Number ( BHN) 

A number, expressed in kilograms per square millimeter, calculated 
from the area of the impression surface in a specimen caused by the 
penetration of a 10-millimeter diameter standard hard steel ball under 
a load of 3000 kg. acting for 5 to 30 seconds, or of 500 kilograms acting 
for 30 to 60 seconds. The heavier load is used for harder materials. 

For very hard materials a carbide ball is substituted for the steel ball. 
(Section F) 

Charpy Impact 

(See Impact Strength) 

The energy, in foot-pounds, absorbed in fracturing a notched speci¬ 
men that has been prepared according to definite standard dimensions 
and is supported in a standard manner at both ends. Several forms of 
notch and sizes of specimen are used, and both notch and size must 
be specified in a given case, since variations in either will result in dif¬ 
ferent unit values for the same material. (Section H) 

Chemical Composition 

The per cent by weight of the component elements of a material. 
(Section B) 

Coefficient of Electrical Resistivity 

The fractional change in electrical resistivity per degree of tempera¬ 
ture change, expressed in ohms per circular mil foot or michrom centi- 
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meters. It is frequently the average change in resistivity over the range 
20° to 100°C. (68° to 212°F.) divided by the resistivity at 20°C. and 
by 80 (the temperature differential). (Sections E and I) 

Coefficient of Thermal Expansion 

The fractional change in length of a material per degree of tempera¬ 
ture change as compared to the length at the reference temperature, 
usually 0°C. (32°F.). It is expressed as inch per inch per deg. C. or F. 
(Sections E and I) 


Compressive Yield Strength 

The stress in compression, expressed in pounds per square inch, at 
which a material exhibits a specified limiting permanent set, or offset, 
commonly taken as 0.20 per cent of the gage length. (Section H) 

Corrosion 

The change in weight, average thickness, mechanical properties or 
appearance of a material resulting from exposure to a chemically de¬ 
structive medium. Corrosion rates are usually expressed as average loss 
of weight in milligrams per square decimeter per day (mdd.), or in 
inches of average penetration per year (ipy.). (Section D) 

Corrosion Fatigue 

The endurance limit, expressed in pounds per square inch, in a 
corrosive medium. The nature and frequency of the stress cycle, the 
number of cycles involved in the test, and the corrosive medium must 
be stated when reporting values. (Section H) 

Creep (Creep Rate) 

The rate of continuing deformation under stress at the tempera¬ 
tures in question, expressed generally as pounds per square inch to pro¬ 
duce 0.10 per cent elongation in 10,000 hours. The values given corres¬ 
pond to those of the nearly linear portion of the deformation-time curve 
obtained in the test. (Section J) 

Curie Point 

(See Magnetic Transformation Point) 
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Density 

I he ratio of mass to volume, expressed generally in grams per 
cubic centimeter. It may also be given in pounds per cubic inch or 
* pounds per cubic foot. (Section E) 

Diffraction (X-Ray) 

The deviation of an X-ray beam by scattering from atoms which 
have some regularity of arrangement or spacing. (Section L) 

Elastic Limit 

The maximum stress, in pounds per square inch, at which a mate¬ 
rial exhibits a slight deviation from the straight line (proportional 
limit) but will return to the original length upon release of load. 

Electrical Conductivity 

The facility with which a material conducts electricity as measured 
by the current density per unit potential gradient in the direction of 
flow. It is the reciprocal of electrical resistivity. (Sections E and I) 

Electrical Resistivity (Specific Resistance ) 

The resistance of a conductor having unit length and unit area of 
cross-section. It is expressed in units of ohms per circular mil foot, or 
microhm centimeters at the specified temperature, usually 0 o C.' or 

20 C. (32 F. or 68°F.). It is the reciprocal of electrical conductivity. 
(Sections E and I) 

Elongation 

The amount of permanent extension, including the fracture, in the 
tension test, expressed as a percentage of the original gauge length. The 
gauge length usually taken is either 2 inches or 8 inches; the latter is 
used for wire. Elongation must be qualified by reference to the gauge 
length and diameter of the specimen used. (Section F) 

Endurance Limit 

The maximum stress, expressed in pounds per square inch, to which 
a metal can be subjected for indefinitely long periods without failure or 
damage. Frequently with non-ferrous alloys it is for some specified 
number of cycles, such as 100,000,000 or 500,000,000 cycles. The stress 
may be from an outer fibre stress in tension to an equal or different 
stress in compression, between two levels of stress of the same type or 
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between zero stress and a maximum stress. Care should be taken in 
comparing values for non-ferrous materials as tests are sometimes car¬ 
ried to a lesser number of cycles which give higher apparent values. 
(Section H) 

Etching ( Metallographic) 

The exposure of a material to a highly corrosive medium, which 
acts selectively, in preparation for macroscopic or microscopic examina¬ 
tion. (Section L) 

Eutectic 

The composition in a binary or ternary alloy system which has a 
lower melting point than neighboring compositions. More than one 
eutectic composition may occur in a given alloy system. 

Eutectoid 

Similar to eutectic, except that it has reference to a solid solution 
which resolves into separate components while in the solid state. 

Fatigue Strength 

Usually synonymous with Endurance Limit but correctly the stress 
or range of stress, expressed in pounds per square inch, which can be 
withstood for a specified number of cycles. (Section H) 

Fiber 

A characteristic of wrought, non-ferrous metals and alloys mani¬ 
fested by a stringy appearance of fractures. It is caused chiefly by the 
extension of the metallic and non-metallic constituents of the metal in 
the direction of working. The term is used also to indicate preferred 
orientation of the crystals in a metallic body which may be developed 
by particular working and annealing cycles. 

File Hardness Testing 

The abrasion of a metallic surface with sharp files which have been 
standardized against steel blocks of known hardnesses. A maximum 
Rockwell C hardness of approximately 65 can be estimated by this 
method. (Section F) 

Freezing Point 

The temperature at which a change of state from liquid to solid 
takes place. This change occurs sharply for pure substances and gen- 
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erally over a range of temperature for alloys, so that with the latter the 
term “freezing range” is more appropriate. (Section E) 

Hardness 

The resistance of a material to plastic deformation by indentation, 
penetration, scratching or bending. (Section F) 

Heat Transfer 

The phenomenon of the passage of heat, by conduction, through one 
or more adjacent layers of solid, liquid or gas. The total rate of heat 
flow is measured in units of heat per unit of time. (Btu. per hr. or cal. 
per sec.). The overall rate of heat transfer through a given system of 
obstructions is measured in units of heat, per unit time, per unit area 
exposed, per unit difference in temperature between the adjacent hot 
and cold bodies of material (Btu. per sq. ft. per hr. per °F. or cal. 
per sq. cm. per sec. per °C.). This is also called “overall conductance.” 
(Section N) 

Heat Transfer Coefficient 

The average rate of heat flow in Btu. per hour, per degree of mean 
temperature difference, per square foot of heat-conducting surface. 

Impact Strength 

(See Charpy and Izod Impact) 

The strength, expressed in foot-pounds of energy absorbed, in frac¬ 
turing a notched or, rarely, a smooth, machined specimen with a single 
blow. (Section H) 

IPY. (Inches Penetration Per Year) 

An average value calculated from weight loss data which signifies 
the depth to which uniform corrosion would penetrate if the material 
were to be exposed to corrosion from one side only, for 24 hr. per day 
for 365 days. (Section D) 

Izod Impact 

(See Impact Strength) 

The energy, in foot-pounds, absorbed in fracturing a notched speci¬ 
men which has been prepared to definite standard dimensions and sup¬ 
ported in a standard manner as a cantilever. Several forms of notch and 
sizes of specimen are used and both must be specified in a given case 
since they yield different values for the same material. (Section H) 
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Johnson’s Limit 

The stress, expressed in pounds per square inch, at which the 
rate of deformation is SO per cent greater than it is over the linear 
portion of the stress-strain curve. (Section F) 

Latent Heat of Fusion 

The quantity of heat absorbed by a substance, per unit mass, upon 
passing from the solid to the liquid state, or released upon solidifica¬ 
tion, in either case without change in temperature. It is expressed in 
calories per gram. (Section E) 

Longitudinal 

In the direction of principal working or deformation of wrought 
metals and alloys. (Section H) 

Macrostructure 

The structure of a metal or alloy as revealed on a ground or pol- 
ished, and usually etched, sample by either the unaided eye or under 
low magnifications (up to about 10 diameters). (Section L) 

Magnetic Transformation Point 

(Same as Curie Point) 

The temperature, or range of temperature, at which a normally 
magnetic material becomes substantially non-magnetic on heating. (Sec¬ 
tion E) 

Magnetic Induction (Flux Density)—B 

The magnetic analogue of current density in an electrical conduc¬ 
tor. The unit is the gauss. (Section E) 

Magnetizing Force (Magnetic Intensity)—H 

The magnetic analogue of potential gradient in an electrical con¬ 
ductor. The unit is the oersted. (Section E) 

MDD. (Milligrams Per Square Decimeter Per Day) 

The average loss in weight, in milligrams per square decimeter per 
day (24 hours), resulting from corrosion. (Section D) 

Melting Point 

Generally the same as Freezing Point. (Section E) 
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Microstructure 

The crystalline structure of materials as revealed by examination of 
polished and etched surfaces at magnifications generally 50 diameters 
and above. (Section L) 

Modulus of Elasticity 

The ratio, within the limit of elasticity, of the stress to the corres¬ 
ponding strain. It is expressed in pounds per square inch for four types 
of stress: tension, torsion, compression and shear. (Section F) 


Normalizing 

(See Stress-Equalizing Annealing) 

Olsen or Erichsen Ductility 

The depth of impression, or cup, coinciding with fracture of sheet 
metal when tested using a %-inch diameter ball and a 1^-inch vertical¬ 
sided die. The value is expressed in inches, or millimeters, with the 
fracture load in pounds or kilograms. (Section F) 

Orientation (X-Ray) 

The relation of the lattice of a crystal to any fixed system of planes. 
(Section L) 

Permeability (Magnetic)—B/H 

The magnetic analogue of electrical conductivity in an electrical 
circuit. The permeability of air is taken as unity, /x = 1.02 max. (Sec¬ 
tion E) 

Phase ( Metallurgical ) 

One or two or more compositionally or structurally dissimilar com¬ 
ponents of a body of matter separated from each other. 


Poissons Ratio 


The ratio of the transverse strain to the longitudinal strain within 
the elastic limit determined by direct measurement. An approximate 
relationship is: 


Poisson’s Ratio = 
(Section F) 


Tensile Modulus 
2 x Torsional Modulus 
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Proof Stress 

The stress, expressed in pounds per square inch, that a material is 
capable of withstanding with a permanent deformation of not more 
than 0.0001 inch per inch of gauge length after removal of stress. This 
stress is slightly higher than the proportional limit and the elastic limit 
when determined with instruments of equal sensitivity. The difference 
between elastic limit and proof stress will depend considerably upon the 
accuracy of the strain-measuring apparatus. Proof stress may also be 
determined by the offset method. (Section F) 

Proportional Limit 

The maximum value, expressed in pounds per square inch, at which 
the strain is directly proportional to the stress. (Section F) 

PSI. 

Pounds per square inch. (Section F) 

Reduction of Area 

The difference between the original cross-sectional area and the 
least cross-sectional area after rupture in tensile tests expressed in per¬ 
centage of the original cross-sectional area. (Section F) 

Rockwell Hardness Number 

A value indicated on a direct-reading dial when a designated load 
is imposed on a metallic material with the Rockwell Hardness Testing 
Machine, using a steel ball or diamond cone penetrator. The value must 
be qualified by reference to the load and penetrator used. Several scales 
are available and in common use. (Section F) 

Saturation ( Magnetic)—B 

The condition of a magnetic substance the magnetization of which 
has reached its highest possible value. The unit is the gauss. (Section E) 

Scleroscope Hardness Number 

A number determined by the height of rebound of a diamond-tipped 
hammer dropped from a fixed height. (Section F) 

Shear Strength 

The stress, expressed in pounds per square inch, required to pro- 
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duce fracture when impressed vertically upon the cross-section of a 
material. (Section-H) 

Shrinkage 

The volume reduction in a material resulting from a change in tem¬ 
perature within the liquid state; from the liquid to the solid state; or 
more usually the dimensional change occurring in cooling from the 
solidification temperature to room temperature. The value is expressed 
in percentage of the original volume. (Sections E and O) 

Specific Gravity 

The ratio of the weight of a solid or liquid to the weight of an equal 
volume of water. (Section E) 

Specific Heat 

The number of units of heat energy required to change the tem¬ 
perature of a unit mass of a substance one degree. It may be expressed 
in calories per gram per °C. or British thermal units per pound per °F. 
(Section E) 

Strength 

(See Ultimate Tensile Strength, Yield Strength, Compressive 
Strength, Torsional Strength, Proportional Limit, Elastic Limit 
Johnson s Limit, Impact Strength and Endurance Limit) 

Stress-Equalizing Annealing 

Heating below the temperature required for soft or temper anneal- 
ing, and cooling to homogenize stresses so as to produce the highest 
ductility (elongation and reduction of area), with maximum strength 
(proportional limit). It should not be confused with complete stress 
relief which is accomplished by soft annealing. (Section M) 

Stress-Relief Annealing, or Temper-Annealing 

Heating below the temperature required for soft annealing and 
above the temperature for stress-equalizing annealing, and subsequently 
cooling, to effect partial softening. (Section M) 

Temperature Difference 

The difference in temperature between points in the same body or, 
as more generally used, the difference in temperature between hot and 
cold bodies of material which are separated by a conducting wall or by 
layers of walls. (Section N) 
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Temperature Difference, Arithmetic Mean 

The arithmetic mean of two temperature differences existing simul¬ 
taneously at different parts of heat-transfer apparatus. 

Temperature Difference, Logarithmic Mean 

The logarithmic mean of two temperature differences existing simul¬ 
taneously at different parts of heat-transfer apparatus. 

Tension Impact 

The energy, in foot-pounds, absorbed in rupturing a specially pre¬ 
pared specimen by allowing a moving weight to strike the specimen 
in such a manner that the specimen is parted suddenly in tension. (Sec¬ 
tion H) 

Thermal Conductance 

The ability of a given thickness of a material to conduct heat, meas¬ 
ured in Btu. per hr. per sq. ft. per °F., (f.p.s.) or cal. per sec. per sq. 
cm. per °C., (c.g.s.). Conductance is conductivity divided by thickness, 
in inches or centimeters. (Section N) 

Thermal Conductivity 

The heat-conducting power of a substance per unit of cross-sectional 
area, measured in Btu. per hr. per sq. ft. per °F. for 1-in. thickness 
(f.p.s.), or in cal. per sec. per sq. cm. per °C. for 1-cm. thickness 
(c.g.s.). (Sections E and N) 

Thermal Expansion 

The increase in length caused by heating. It is expressed in inches 
per inch per degree of temperature. (Section E) 

Transverse 

Normal to the direction of principal working or deformation of 
wrought metals and alloys. (Section H) 

Torsion Impact 

The energy, in foot-pounds, absorbed in rupturing a specially pre¬ 
pared specimen by allowing a moving weight to strike the specimen 
in such a manner that the specimen is ruptured suddenly bv torsion 
(Section H) 
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Torsional Strength 

(See Shear Strength) 

The ultimate shear strength in torsion expressed in pounds per 
square inch. (Section F) 


Ultimate Tensile Strength 

(Breaking Strength, Ultimate Strength, Tensile Strength) 

The maximum load which a material is capable of withstanding 
divided by the area of the original cross-section. It is computed from 
the maximum load attained in rupturing the specimen and the original 
cross-sectional area of the specimen, and is expressed in pounds per 
square inch. (Section F) 


Vicker's Hardness Number 

A number computed from the length of the diagonal of an impres¬ 
sion in a specimen caused by the penetration of a pyramidal-shaped 
diamond penetrator, or from the diameter of an impression made by 
a 2-mm. diameter steel ball, each under a selected load. It has the same 
dimensions as the Brinell number although the values differ slightly. 
The value must be qualified by reference to the load and. the type of 
penetrator used, the diamond being preferred. (Section F) 

X-Ray Diffraction Pattern 

The image produced when a primary beam of X-rays strikes a speci¬ 
men and the diffracted beams fall upon a flat photographic film forming 
concentric circles, or upon a cylindrical film forming curved lines. 


Yield Point 

The stress, in pounds per square inch, which will produce an elon¬ 
gation under load of 0.S0 per cent of the gauge length. The use of 0.20 
per cent Yield Strength is preferable to Yield Point. (Section F) 

Yield Strength 

The stress, m pounds per square inch, at which a material exhibits 
a specified limiting set, commonly taken as 0.20 per cent of the gauge 
length by the offset method. (Section F) 
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reference or references are in bold-faced type. 


A 

“A”* Monel block, for castings.O 11 

“A”* Nickel.See Nickel 

A.P.I. Code for corrosion testing.D 64-65 

A.S.M.E. Code, unfired pressure vessels.M 48-57, M 101-102 

A.S.T.M. standards 


compressive tests 


H-6, O 4-5 


corrosion tests . 

grain size . 

impact tests . 

Abrasion . 

Abrasive, grinding. 

Accelerated corrosion tests. 

Acetylene . 

Acid 

acetic . 

fatty . 

hydrochloric. 

mineral . 

nitric. 

organic . 

phosphoric . 

salts . 

sulfuric . 

Acid copper sulfate corrosion test. 

Acidity of corrosive solutions. 

Admiralty brass. 

Aeration, effect upon corrosion. 

Age-hardening . 

“K”* Monel . 

“S”* Monel . 

“Z”* Nickel . 

Aircraft, instruments and structures. 
Alclad . 


.D 55-59 

.L 15 

.H 12 

.F 24, G 4, O 7 

.M 130-131 

.D 41 

.M 27 

.D 91 

.D 81 

.D 74-75, D 82, D 89 

.D 75, D 89-91 

.D 8-10, D 89 

.D 75-76, D 78-87, D 91-93 

.D 89-90 

.D 72 

.D 5-29, D 73-74, D 90 

.D 55-56 

.D 3-5 

D 67, I 9, N 7, N 12-13, N 19 

.D 43 

.M 41-47, O 8-9, P 37 

.H 5, M 44-46 

.O 8-9 

.M 46-47 

.E 8 

.I 8 


R eg. U. S. Pat. Off. 
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Alcoa alloys.F 29, I 7-8 

Alkalies .D 76, D 88 

Alkaline salts, corrosion by.D 72-73, D 93 

Alloy steel .F 25, H 7-8, I 14-16 

Alloys 

heat-resisting .I 6, I 14-16, M 29 

high-nickel, comparisons with other alloys.B 3-4, I 5-6 

Alumina 

dryer . M 27 

polishing .L 6 

Aluminum .D 32, D 67, E 8, F 29, H 17, 

I 7-8, N 7, N 17, P 35 

alloys .D 32, F 29, I 7-8 

-bronze.D 19, I 9 

Alundum .C 11 

grinding wheels.M 150-152 

polishing .L 6 

thimble .D 43 

vitrified .M 150-152 

Ambrac .D 67, I 10 

American National threads, fine and coarse. F 29-31 

Ammonia .M 27-29 

Ammonium hydroxide .D 88 

Ampco bronze.M 156 

Amphoteris metals .D 3-4 

Analysis 

gas in furnace atmosphere.M 9 

methods for chemical.C 3-25 

carbon in Inconel*.C 15-16 

carbon in Monel* or nickel.C 10-11 

chromium in Inconel.C 22-23 

cobalt in Monel or nickel.C 7-8 

copper in Inconel.C 21-22 

copper in Monel.C 8 

copper in nickel.C 5-7 

iron in Inconel.C 17-18 

iron in Monel.C 8 

iron in nickel.C 3-5 

* Reg. U. S. Pat. Off. 
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Analysis ( continued) 

methods for chemical ( continued ) 

manganese in Inconel.C 16-17 

manganese in Monel or nickel.C 11-14 

nickel in Inconel. q 23-25 

nickel in metallic nickel products.C 3 

nickel in Monel. 8-10 

silicon in Inconel. C 21 

silicon in Monel or nickel. C 15 

sulfur in Inconel. q 18-21 

sulfur in Monel or nickel.C 14-15 

X-ray diffraction.L 15-18, P 47 

An gles . . 6 _ 9 

Annealing . 13 _ 4 0 # p 37 

atmosphere .M 26-31 

auxiliary factors in.M 25-36 

baskets .zzzzzzz.. m 36 

bri S ht . 26-31 

clad products. 19 _ 2 o 

control of . M 25—26 

effect of cold work on.L 16 M 31 

effect of fluctuating atmosphere.M 35 

effect of rate of cooling, following.M 32—33 

embrittlement . M ^ 

equipment . * M 26 

fabricated products . i3_23 

for deep drawing. ^ ^24 

fumace ..ZZZZZZZZZZZ..M 26 

-thods. ZZZZZZjf 13J0 

closed (box or pot). 20-23 

dead-soft. 34 

electric-resistance. jyj 24 

°P en . 14-20 

quench . 13 

salt-bath . 2 3_ 24 

soft . 14-24 

stress-equalizing (low-temperature) .D 24 27 

M 37-40, P 45 
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Annealing ( continued) 
methods ( continued ) 

stress-relief . M 37, P 45 

temper (semi-) . M 25, P 45 

torch .M 25 

plate .M 19—20 

protection from contamination by foreign 

materials.M 35-36 

purification of atmosphere for.M 27-29 

sheet and strip .M 13-14 

temperature control .M 25-26 

Anti-borax .M 98 

Antimonial lead .I 10 

“Anvil effect”, in hardness testing.F 24 

Apparatus 

corrosion-testing .D 17—20, D 36—37, D 44—46, 

D 50-53, D 59-60 

dust-settling .E 8 

Apparent elastic limit, Johnson’s.F 3, P 42 

Aqua-regia .L 3, L 7 

Area and circumference of circles.P 32-33 

Area, reduction of.P 44 

Arithmetic mean temperature difference.N 4, P 46 

Army specifications .B 4 

Ascarite .C 10-11 


Atmosphere 

annealing.M 26-31 

corrosive. .D 14, D 71-72, D 89 

for bright annealing.M 27-31 

for bright hardening.M 44 

furnace .M 8-9 

neutral .M 26-31 

oxidizing .J 18 

purification of, for annealing.M 26—29 

reducing.J 18 

service of metals and alloys in.J 18 

sulfidizing . J 18 

Atmospheric corrosion testing.D 65, D 89 
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Atomic hydrogen welding.M 87 

Atomic structure, X-ray.L 16-18 

Automatic screw machining. M 144 

removal of discoloration from.M 163 

B 

Back-step welding .M 90-91 

Bakelite, for corrosion-testing specimen holder.D 60 

for preparation of metallographic specimens.L 6 

Balls, carbide.J 15-17 

Bars . P 4-5 

Basket 

annealing .M 36 

pickling .M 163 

Bearings .M 154—156 

Ampco bronze.M 154-156 

bronze .M 154—155 

materials for .M 154-156 

nickel-alloy .M 155 

performance of nickel alloys in.M 155 

rubber .M 154 

Bearium metal .M 156 

“Beer stone”.D 13 

Beeswax .M 165 

Bend test, hot-. I 11# M 10 

Bending 

cold .F 25 

hot .M 10 

of pipe and tubing.M 116-118 

Beryllium-copper alloy .I 9 

Beveling .M 67-70 

Bierbaum hardness.F 24 

Billiard cloth, for polishing.L 6 

Black plating .M 167 

Blading, turbine .M 10-12 

Block, “A” Monel for castings.O 11 

Boat, combustion .G 3 

Boiling nitric acid corrosion test.D 56—57 
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Bolts . 

Borax . 

Boride, chromium . 

Boring . 

Boundary, grain . 

Box annealing . 

Brackish estuarine water... 
Brale, for hardness testing. 
Brass 

Admiralty . 

free-turning . 

Naval . 

red . 

yellow . 

Brazing 

bronze . 

copper . 

furnace. 

silver . 

Brine . 

Brinell hardness . 

Broadcloth, for polishing. 
Bronze 

aluminum. 

Ampco . 

bearing . 

brazing. 

manganese . 

nickel . 

phosphor. 

silicon . 

Tobin . 

Buffing . 

Burner 

gas . 

oil . 

Butane . 

Butt joint, welded. 


D 38, F 26-31, M 11 

.M 23 

.M 97 

.M 144 

.L 6-7 

.M 20-23 

.D 38, H 11 

.F 22 


D 67, I 9, N 7, N 12-13, N 19 

.F 28-31 

.F 26-29, I 9 

.D 32, D 67, I 8, N 7, N 18 

.D 67, I 9, N 7, P 35 

.M 87 

.M 88 

.M 88 

.M 81-84 

.D 14-15 

.F 21-22, J 15-17, P 37 

.L 6 

.D 19, I 9 

.M 156 

’’Z*.M 154-155 

’ . M 87 

.’’.Z.D 32, I 9 

.I 9 

.D 67, I 9, P 35 

....D 67, F 25-31, I 9, N 7, P 35 

.F 26-29, I 9, M 87 

.M 130-132 

.M 3 

ZZZ.M 4 

.M 3-4, M 27 

.M 68 
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C 

Cable, power .E 8 

Cadmium.D 32 

Cake, grease.M 132 

Calcium 

carbide .M 27 

carbonate .D 11 

chloride . D 15, M 27 

sulfate. D 11 

Calomel cell .D 50 

Car, railroad tank.G 4 

Carbide 

balls .J 15-17 

calcium .M 27 

chromium, in Inconel.L 7-8 

silicon.M 151 

tool, cemented.M 135 

Carbon 

determination of, in Inconel.C 15-16 

determination of, in Monel or nickel.C 10-11 

-free nickel .see Low-carbon Nickel 

monoxide .M 27 

steel .C 25-26, D 13-15, D 67, F 25-28, H 7-8, 

H 11, I 13, J 16, N 7, N 13, N 20, P 35 

tetrachloride .M 35 

tissues .M 165 

Carbon-arc welding.M 87 

Carborundum, polishing .L 6 

Cast iron 

alloyed .D 32, H 7, I 13 

plain .C 25-26, D 32, D 37, D 67, H 7, H 30-31, I 13 

Cast steel 

alloyed .I 14 

plain .C 25-26, I 13 

Castings 

“A” Monel block.O 11 

age-hardening, “S” Monel. O 8-9 

centrifugal .O 3, O 14 

chemical composition .I 6, O 3 
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Castings ( continued) 

comparison with other alloys and metals.I 5—16 

compressive properties .O 4-5 

electrical properties .I 5-6, O 6 

equipment for production of.A , O 10 

foundry practice .A , O 10-15 

“H”* Monel .I 5, J 16, O 7 

hardness .I 6, J 16-17, O 4-5 

high-nickel alloy .I 5-6, L 4, L 12, O 3-15 

impact strength .O 4 

Inconel .I 6, L 4, M 71, M 98, O 10 

machining of .M 141-142, O 7-8, O 14-15 

magnetic characteristics .O 6 

materials for .O 11-12 

mechanical properties .I 5-6, O 4-8 

molding practice .O 14 


Monel . 

nickel. 

physical constants. 

pouring temperatures 
resistance to corrosion 

resistance to galling. 

“S” Monel . 

sand . 

specifications . 

thermal properties. 

welding of. 

Caustic embrittlement . 

Caustic evaporator tubes... 

Cavitation-erosion . 

Cell 


5, B 4, M 71, M 98, M 141-142, O 7 
.1 6, M 71, M 98, M 141-142, O 9-10 

.I 5-6, O 6 

.O 14 

.O 7-10 

....O 5-6 

.I 5, J 16-17, O 7-9, M 135 

.O 3 

.B 4, O 4 

.I 5-6, O 6-9 

.M 71, M 98 

.D 23-24, D 53 

.D 24-26 

.E 8, H 28-31 


calomel . 

concentration 
copper-ion ... 

galvanic . 

hydrogen-ion 

metal-ion . 

oxygen . 


.D 50 

D 16-21 
.D 16-19 

.D 31 

.D 3-5 

D 16-19 
D 19-21 
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• 10- 













































INDEX 


Cemented carbide tool.M 135 

Centrifugal castings .O 3, O 14 

Cerrobend.M 117 

Chain hook and link.M 10 

Charcoal, prebaking for use in annealing.M 21 

Charpy impact strength.H 11-12, J 13, K 3-4, P 37 

Chart 

A.S.T.M. standard for grain size.L 15 

grain size conversion.L 14 

pressure .M 54-56 


Chemical 

analysis, methods for. 

coloring . 

composition . 

lead . 

Chromium . 

alloys of . 

boride . 

carbide, in Inconel. 

determination of, in Inconel... 

-iron stainless steel. 

-nickel stainless steel. 

oxide . 

plating . 

Chuck, collet . 

spinning . 

Cinder . 

Circumference and area of circles. 

City gas . 

Clad products. 

corrosion of . 

etching of . 

gas cutting of. 

standards of cladding. 

steel . 

welding of . 

Clamp, welding . 


.C 3-25 

...M 166-167 

.B 3, D 42, I 5-16, O 3, P 37 

.D 67, I 10, N 7, N 22 

.E 8 

. I 6-7, I 13-16 

.M 97 

.L 7-8 

.C 22-23 

.C 25-26, D 32, I 15 

..C 25-27, D 32, I 14-16, N 7, 
N 9-10, N 14, N 25-26, P 35 

.M 21 

.E 3 

.M 134 

.M 128-129 

.M 4 

.P 32-33 

.M 3 

...B 3. G 4-5, L 8, M 101-115 

.D 29-30 

.L 8 

.M 112-113 

.G 4, M 101 

B 3, C 25-27, G 4, L 8, L 10 

.M 101-115 

.M 70 
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INDEX 


Cleaning 

for welding .M 98 

of specimens after corrosion test.D 47-48 

Clearance angles, for machining.M 135—142 

Clearance, deep drawing dies.M 123 

Closed annealing .M 20-23 

Coal . M 4 

Coatings 

galvanizing .C 25 

metallic .C 25, D 55 

Cobalt . E 5 

determination of, in nickel and high-nickel alloys.C 7—8 

Code 

corrosion testing, A.P.I.D 64-65 

unfired pressure vessels, A.S.M.E.M 48—57 

Coefficient 

film, in heat transfer.N 10-11 

heat-transfer . N 16-26, P 41 

of electrical resistivity.E 4, I 5-16, P 37 

thermal expansion- .E 3-4, E 6-7, I 5-16, O 8-9, P 38 

Coercive force, magnetic.E 5 

Coil, heat-transfer .D 24-26 

Coke .M 4 

Cold bending . F 25, M 116 

Cold-drawn products.M 19 

Cold pressing.M 110-111 

Cold-rolled sheet and strip, hardness of.F 20 

Cold work, effect on annealing.L 16, M 31-32 

Cold working .M 110 

Collet chuck.M 134 

Colmonoy .M 97 

Coloring 

chemical .M 166—167 

decorative .M 165—166 

grease .M 130 

polishing .M 131-132 

Columnar structure .L 3 

Combustion boat .G 3 

Comparison of alloys.L 5-16 













































INDEX 


Composition, chemical .B 3, D 42, I 5-16, P 37 

Compressive properties .H 6-7, O 4-5 

Concentration cell .D 16-21 

copper-ion .D 16-19 

hydrogen-ion .D 3-5 

potential .D 18 

Condensation, “drop-wise” .N 7 

Condensing vapor film.N 7 

Conductance of films. N 8, N 14 

Conductivity 

electrical .E 4, I 5-16, P 39 

thermal .E 4, I 5-16, N 7, P 46 

Conductor, high-current.E 8 

Constants, physical .E 3-8, I 5-16 

Contamination from foreign materials.M 4—5 

Contrast etching .L 7 

Control of grain size.L 15 

Conversion factors .D 67-69, F 21, L 14, P 18-29 

Cooling, rate of, following annealing.M 13 

Copper .D 32, D 67, E 8, F 29, H 17, I 8, 

N 7, N 9-10, N 15-16, P 35 

alloys of .C 25-27, I 5, I 7-13, L 7, N 7, N 23-24 

brazing.M 88 

determination of, in Inconel.C 21-22 

determination of, in Monel.C 8 

determination of, in nickel.C 5-7 

flash, removal of in pickling.M 163-164 

-ion concentration cell.D 16-19 

-nickel .C 25-26, I 10, L 7, N 7, N 23 

Cores, molding .O 10, O 14 

Corrosion . G 4, P 38, D 3-94 

acceleration of .D 11-12 

atmospheric .D 71-72, D 89 

caustic embrittlement .D 23-24, D 53 

cracking stress.D 53-55 

deposits, effect on heat transfer.N 8, N 14 

effect of 

acidity .D 5 

aeration .D 43 
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Corrosion ( continued) 
effect of ( continued) 

anode and cathode area. 

concentration cells . 

conductivity . 

corrosion products . 

dissolved oxygen and air. 

films . 

foreign materials . 

grease . 

heat treatment . 

inhibitors . 

metal-ion concentration cells. 

oil . 

oxidizing agents . 

polarization . 

polished surface . 

potential, anode to cathode.. 

stress . 

surface condition . 

temperature . 

velocity (agitation) . 

welding . 

effect upon heat transfer. 

electrochemical theory of. 

fatigue . 

galvanic . 

incidental factors affecting. 

intergranular . 

localized . 

of cast iron, graphitic. 

of clad materials . 

of welds . 

pitting . 

processes and controlling factors.. 

products . 

progressive . 

rate of . 

resistance to . 


.D 35—37 

.D 21 

.:.D 33-34 

...D 10—14, D 36-37 

.D 6-8, D 34-35 

.D 12-14 

.D 23 

.D 13 

.D 24-27 

.D 14-16 

.D 19 

.D 13-14 

.D 6-8, D 73 

.D 34-35 

.D 22-23 

.D 5, D 34 

.D 23-26 

.D 22-23 

.D 8-11 

.D 11-13, D 43 

.D 28-30 

.N 14 

.D 3 

.H 10-11, P 38 

...D 31-39, D 49-53 

.D 22-30 

.D 23, D 55-57 

.D 23 

.D 37 

.D 29-30 

.D 28-30 

.D 21, H 10 

.D 3-21 

.C 25, D 10-14 

.D 12 

.D 8-13, D 22 

D 3-94, G 4, H 29 
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INDEX 


Corrosion ( continued) 

-resisting characteristics of Monel, Inconel 

and nickel .D 70-94 

testing 

A.P.I. Code .D 64-65 

A.S.T.M. Code .D 55-59 

accelerated- .,...D 41 

acid copper sulfate.D 55-56 

apparatus .D 17-20, D 36-37, D 44-46, 

D 50-53, D 59-60 

atmospheric .D 65, D 89 

boiling nitric acid.D 56-57 

cleaning of specimens.D 47—48 

composition of solution.D 42 

duration .D 46-47 

evaluation of results.D 48-49 

field .D 40 

laboratory .D 40-49 

metallic coatings .C 25, D 55 

plant .D 40, D 57-64 

salt-spray .D 57 

service .D 40 

soil .D 65 

special properties .D 53-65 

specimens .D 36-37, D 53-55, D 59-60, D 62-64 

stress .D 53—57 

units for reporting rates.D 65-69 

volume of solution for.D 43-44 

Corrosive media .D 78-94 

acetic acid .D 91 

acid salts .D 72 

acidity of .D 3-5 

acids .D 3-30, D 89-91 

alkalies .D 76, D 88 

alkaline salts .D 72-73, D 93 

ammonium hydroxide . D 88 

atmosphere.D 14, D 71-72, D 89 

brine .D 14-15 

calcium chloride .D 15 














































INDEX 


Corrosive media ( continued) 

data for Monel, Inconel and nickel in typical.D 88-94 

fatty acids . g^ 

fresh water.p> 72 

hydrochloric acid.D 74-75, D 82, D 89 

hydrogen sulfide .D 39 

milk . 92 

mineral acids .D 75, D 89-91 

molten metals . 77 

neutral salts. 72 

nitric acid . D 8-10, D 89 

organic acids and compounds.D 75-76, D 78-87, D 91-93 

oxidizing acid salts.D 72 j) 93 

oxidizing alkaline salts.p> 73 

phosphoric acid .p> 89 _ 9 Q 

potassium hydroxide. gg 

salt solutions .D 27, D 35-37, D 72, D 78-94 

sewage . p> 13 

sodium hydroxide . D gg 

sulfuric acid.D 5-29, D 73-74, D 90 

tap water . D 94 

uses of Monel, Inconel and nickel to resist.D 78-87 

wet and dry gases.D 76-77, J 18 

Coupling, non-metallic . 53 

Crack, surface . L 3 

Cracked ammonia . 27-29 

Cracking, stress-corrosion .D 23, D 53-55 

Creep strength .j 12# p 38 

Crepe silk, for polishing. 5 

Cromaloy flux, oxweld. 93 

Crucible . q g 

Crystal structure. p 4 

Crystolon grinding wheel. 151 

Cupro-nickel .. 10# ' N '" 7 ' ( N 2 3 

Curie temperature .E 4-5. E 8 , O 6 , P 42 

Current 


edd y ....e 8 

for electric welding. M 67 

Cutter, milling. ...""m 148 
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INDEX 


Cutting fluids .M 143 

Cutting-off machine .L 3 

Cyclic stress .H 8-10 

Cylindrical grinding .M 151 

D 

“D”* Nickel... A 8 , See also Properties 

analysis, methods for chemical.C 3-8, C 10-15 

available forms .G 3 

chemical composition .B 3 

comparison with other alloys and metals.I 5-16 

corrosion-resisting characteristics .D 71, See also Corrosion 

and Corrosive Media 

density and weight.I 6 

electrical properties .I 6 

hardness .G 5 

conversion charts .F 21 

heating for hot working.M 5-6 

limiting service in different atmospheres.J 18 

modulus of elasticity..I 6 

oxide .G 4 

physical constants .I 6 

qualitative identification of.C 25-27 

resistance to oxidation.G 4 

resistance to sulfur-containing atmospheres.G 4 

specifications .B 4 

sulfide .G 4 

tensile properties 

high-temperature .G 3 

room-temperature .G 5 

thermal properties .I 6 

torsional properties .G 5 

uses .G 4 

Dardelet thread .F 29-31 

Dead-soft annealing .M 24 

Decimal and metric equivalents.P 36 

Decorative coloring .M 166-167 

etching.M 165—166 
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INDEX 


Decorative coloring ( continued) 

resist for .M 165 

solution for .M 165-167 

Deep drawing.F 25, H 16, M 122-124 

annealing for.M 124 

die clearance .M 123 

die materials .M 124 

lubricants for .M 124 

properties of materials for.H 17, M 122 

radii for tools.M 123-124 

reduction of diameter in.M 123 

Definitions.P 37-47 

Deformation, plastic . F 19, H 6 

Dehydrite . C 11 

Dendritic structure .L 3, L 12 

Density of alloys and metals.E 4, I 5-16, P 35, P 39 

flux, magnetic .P 42 

Denting, resistance to.F 24, H 17-19 

Deoxidation.O 13 

Deposit, corrosion, effect on heat transfer.N 8, N 14 

Design 

furnace.M 26 

heat transfer .N 9-10 

of heavy equipment.M 48—62 

of joints for welding.M 67-70, M 75 

of springs .H 24-28 

Detection of flaws.L 3, L 8, L 16 

Dies 

deep drawing .M 124 

drop forging .M 11-12 

Diffraction, X-ray .L 15-18, P 39 

pattern .L 17-18, P 47 

Directional properties .H 3-6 

Discoloration from automatic screw machining, removal of.M 163 

Dissimilar metals, joining of.M 91-95 

Dissolved oxygen, effect of upon corrosion.D 34—35 

Distilled water .D 33 

Double-Wier apparatus, cavitation-erosion.H 30 

Dow metal .I 11 
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INDEX 


Down-hand welding . 

Drilling . 

Drop forging. 

“Drop-wise” condensation .. 
Dry gas, corrosive effect of. 

Drying agents for gases. 

Drying ovens for cores. 

Ductility . 

hot . 

Olsen and Erichsen. 

Duration of corrosion test... 

Durichlor . 

Durimet . 

Dust-settling apparatus . 

Dynamic hardness . 


.M 65 

.F 25, M 144-146 

.M 7-8, M 11-12 

..N 7 

.D 76-77, J 18 

.M 27 

.O 10 

F 3, F 24-31, H 5, M 31 

.J 3-11 

.H 16-17, P 43 

.D 46-47 

.I 16 

.I 16 

.E 8 

.J 15-17 


E 


“Easy-Flo” silver solder. 

Eddy current. 


Elastic limit. 


Johnson’s apparent. 

Elasticity, modulus of. 

Electric-arc welding . 

Electric furnace 

.F 17, H 22, I 5 16. P 43 

age-hardening . 

brazing. 

Electric-resistance annealing . 

Electrical conductivity. 

Electrical resistivity. 

Electrical sparking . 

Electrochemical theory of corrosion. 

Electrode 


spark plug . . 4 

weldin g . M 64-66. M 79-80 

Electrolytic cleaning of corrosion-test specimens. D 47-48 

Electrolytic nickel . l 7 oil 

Electromotive series . n d 

Electropolishing methods . 
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INDEX 


Elongation .F 3, F 18-19, P 39 

Embrittlement 

caustic . D 23-24, D 53 

fluctuating atmosphere.M 35 

sulfur .L 7-8, M 23 

Emery 

polishing .D 41, L 6 

Turkish .M 130 

Emulsion .E 8 

Endurance limit .F 24, H 8-10, M 40, P 39-40 

high-temperature .J 14 

ratio .H 9-10 

room temperature .H 8-10 

Equipment 

annealing .M 26 

corrosion-testing.D 17-20, D 36-37, D 44-46, 

D 50-53, D 59-60 

foundry .O 10 

oil-well surveying, magnetic.E 8 

testing. F 19-21, L 3, L 6, L 15-16, H 8, H 11-14 

welding .M 65-67 

Erichsen ductility . H 16-17, P 43 

Erosion 

cavitation .E 8, H 28-31 

resistance to .F 21, G 4 

Estuarine water, brackish.D 38, H 11 

Etching 

decorative .M 165-166 

metallographic.L 7, P 40 

resists for decorative.M 165 

solutions for macroscopic examination.L 3 

solutions for microscopic examination.L 7 

welded joints .L 6-8 

Eutectic .P 40 

Eutectoid .P 40 

Evaluation of results of corrosion tests.D 48-49 

Evaporators 

Shells .G 4, N 15 

Tubes, caustic soda.D 24-26 
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Examination 

macroscopic ... 
metallographic 

microscopic. 

X-ray . 

Expanding of tubes. 
Expansion, thermal 
coefficient of ... 


.L 3-5 

.L 3-15 

.L 6-12 

.L 16-18 

.M 116 

E 3-4, E 6-7, I 5-16. P 46 

.E 4, E 6-7, G 4, P 38 


F 

Fabricating 

age-hardening . 

annealing . 

bending .. 

brazing. 

buffing . 

clad products. 

cold bending . 

cold working . 

deep drawing. 

design . 

effect of grain size on. 

forging . 

forming . 

graining . 

grinding . 

hard surfacing . 

heating for hot working. 

hot bending. 

hot working. 

Inconel-clad steel . 

machining . 

mandrel bending. 

Monel-clad steel . 

Nickel-clad steel. 

perforating . 

pipe and tubing. 

polishing . 


.M 41-47 

.M 13-36 

• F 25, M 116-118 

.M 81-82 

.M 130-132 

.M 101-118 

.M 116 

.M 110 

F 25, M 112-124 

.M 101-104 

.L 13, M 33-34 

.M 10-12 

.F 25 

.M 166 

.M 130-132 

.M 97-98 

.M 3-8 

.M 117-118 

.M 10-12 

.M 101-118 

F 25, M 133-149 

.M 116-117 

.M 101-118 

.M 101-118 

.M 119-120 

.M 116-118 

.M 130-132 
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INDEX 


Fabricating ( continued) 

punching .F 25, M 120-121 

shearing .M 119 

soldering .M 84-87 

spinning .F 25, M 125-129 

stamping .F 25, M 122-124 

use of fillers.M 117 

welding .M 63-100 

Factors 

affecting heat transfer.G 4, N 3-8, N 14 

conversion . D 67—69, F 21, L 14, P 18—29 

influencing galvanic corrosion.F> 33—38 

Fatigue .F 24, P 40 

corrosion . H 10-11, P 38 

high-temperature .J 

machines for testing.FI 8 

room-temperature .FI 10 

Fatty acids .F) 81 

Federal specifications .® 4 

Feed, machining .M 136, M 144-148 

Fiber .F 40 

Field corrosion tests.F> 40 

File hardness .F 24, P 40 

Fillers, for tube bending.M 117 

Film 

breakdown .F) 21 

condensing vapor .N ? 

conductance of.N 8, N 14 

effect of upon corrosion.F) 12-14 

effect of upon heat transfer.N 10-11 

-forming characteristics of metals.N 14 

liquid .N 8 , N 14 

protective .F) 8 

Finishing 

grinding .M 130-132 

polishing .M 130—132 

sand-blast .M 166 

satin .M 132 

super-.M 153 
















































INDEX 


Finishing ( continued ) 

welded joints.M 100 

Fire clay.M 21 

Fitting, pipe.M 48 

Flame cutting .M 112-113 

Flash, copper, removal of from pickling.M 163-164 

Flash welding .M 80-81 

Flat springs.H 27-28 

Flat welding.M 65 

Flats .F 3 , P 6-9 

Flaws, detection of. L 3, L 8 , L 16 

Fluids, for machining.M 143 

Flux 

magnetic .E 5, P 42 

oxweld Cromaloy .M 93 

silver brazing .M 81 

soft soldering.M 86 

welding .M 64. M 75 

Foreign materials 

contamination from .M 4-5 

effect upon corrosion.D 23 

Forging .M 10-12 

drop .M 7-8, M 11-12 

furnaces for .M g 

heating for.M 3-8 

high-tensile Monel .F 3 , H 3-6, P 4-5 

temperature for.M 5 

Formulae for spring design.H 24-28 

Fouling, in heat-transfer equipment.N 14 

Foundry practice for castings.O 10-15 

Fracture ..j 3, J 11 , M 31 

Free-machining Monel .X 5 

-turning brass.p 28-31 

Freezing point .p 40 

Fresh water, corrosion by.D 72 

Fuels . 3_ 4 

coal . 4 

coke . 4 
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INDEX 


Fuels (continued) 

gas .-.M 3-4 

oil .M 4 

Furnace 

age-hardening .M 41-43 

annealing .M 26 

atmospheres in .M 26—31 

brazing .M 82 

crucible .O 10-13 

design of .M 26 

electric .M 41, O 10-12 

forging.M 9-10 

gas .M 3-4 

heating .M 5-10 

horizontal .M 43 

induction .O 10 

metal-roof lining for.M 36 

muffle.M 26 

oil-fired .O 12 

radiant-tube .M 41 

slot-type .M 9 

vertical.M 43 

Fusion, latent heat of.E 4, P 42 

G 

Galling, resistance to.O 7-8 

Galvanic 

cell .D 31 

corrosion .E 31-39 

factors influencing . D 33-38 

practical aspects of .D 38-39 

effect of dissimilar metals.D 38 

effects .E 61 

series .E 31—33 

tests .E 49—53 

Galvanizing coating, removal of. C 25 

Gas 

ammonia .M 27-29 












































INDEX 


Gas ( continued ) 

analysis of. 

butane . 

city. 

-cutting of clad plate. 

dry and wet, corrosive effect of. 

drying agents for . 

hydrogen . 

ionizable dissolved. 

natural . 

oxidizing . 

propane . 

purification of, for annealing. 

sulfidizing . 

Gas-engine ignition tube. 

Gauges, sizes for standard. 

Gelatine . 

Gold . 

Grain boundary. 

Grain size 

control of .. 

conversion chart. 

definition of . 

determination of. 

effect on fabrication. 

uniformity of, cavitation. 

Graining of sheet. 

Graphite . 

Graphitic corrosion of cast iron. 

Gravity, specific . 

Grease . 

cake .. 

coloring . 

Grinding . 

abrasive . 

cylindrical . 

finishing . 

for macroscopic examination. 


.M 9 

.M 3-4 

.M 3 

.M 112-113 

.D 76-77, J 18 

.M 27 

.M 29 

.D 34 

.M 3 

.M 27 

.M 3-4 

.M 28 

.I 18, L 8 

.G 4 

.P 34-35 

.M 165 

.D 32, I 12 

.L 6-7 

.L 15, M 13-14 

.L 14 

.L 15 

.L 13-15 

.L 3 

.H 29 

.M 166 

.D 32, M 12 

.....D 37 

.E 4, I 5-16, P 45 

.C 25, M 12 

.M 132 

.M 130 

M 130-132, M 150-153 

.M 130-131 

.M 151 

.M 132 

.L 3 
















































INDEX 


Grinding ( continued) 

for microscopic examination. 

internal .. 

machines . 

of welds . 

precision . 

satin finish. 

super-finishing . 

surface .. 

wheels . 


.L 6 

.M 152 

.M 151-152 

.M 130 

.M 150-153 

.M 132 

.M 153 

.M 151-152 

M 130-131, M 150-151 


H 


“H” Monel, cast. 

analysis, methods for chemical. 

available forms. 

cavitation-erosion properties. 

chemical composition . 

comparison with other alloys and metals. 

compressive properties . 

corrosion-resisting characteristics . 


A 9, See also Properties 

.C 8-15 

.O 3 

.H 30 

.I 5, O 3 

.I 5-16 

.O 4-5 

.0 7, See also Corrosion 
and Corrosive Media 


etching for metallographic examination. 

hardness, high-temperature . 

hardness, room-temperature . 

impact properties. 

machining . 

melting . 

modulus of elasticity. 

physical constants. 

production of . 

qualitative identification of... 

resistance to corrosion. 

specifications ... 

tensile properties, room-temperature .... 

uses . 

Half oval . 

“Handy Flux” . 

Hard surfacing. 


.L 6-7 

.J 16 

.O 4-5 

.O 4 

See Machining and Tools 

.O 12-13 

.I 5, O 5 

.I 5, O 6 

.O 10-15 

.C 25—27 

.O 7 

.O 4 

.O 4-5 

.O 7 

.P 6-9 

.M 81 

.M 97-98 











































INDEX 


Hardening 


age . 


...M 41-47. 0 8-9, P 37 

strain . 



work . 



Hardness . 


.F 19-24. H 29, P 41 

“anvil effect” in testing. 


.F 24 

Bierbaum . 



brale for testing. 



Brinell . 


..F 21-22. J 15-17. P 37 

conversion chart for . 


.F 21, M 33 

dynamic. 


.J 15-17 

equipment for testing. 


.F 19-21 

file . 



hot . 



limitations for machining. 


.M 133 

low-temperature. 



methods for testing. 


.F 19-21 

Monotron . 



Rockwell . 



scleroscope . 


F 20. F 24, L 16, P 44 

scratch . 


F 24 

Vickers . 


F 21 23, P 47 

Hastelloy alloys . 



Heads, for pressure vessels. 



Heat conductivity. 

.B 5, 

E 4, I 5-16. N 7, P 46 

Heat effect 



of brazing . 



of welding. 



Heat of fusion, latent. 



Heat-resisting alloys . 



Heat, specific . 



Heat transfer 



coefficient of. 


. N 16 26, P 41 

design for . 



effect of corrosion on. 


. N 14 

effect of deposits and films. 


. N 8. N 10-11, N 14 

effect of fouling on. 



effect of metal conductivity and thickness. 

.N 6, N 8. 



N 10-11, N 16-26 
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Heat transfer ( continued ) 

factors affecting.G 4, N 3-8, N 14 

overall rate of.N 5-6, N 11-15 

Heat treatment.See Age-hardening 

effect of, upon corrosion.D 24—27 

Heating for hot working.M 3-9 

Heavy equipment 

corrosion allowance.M 50 

design of .M 48-62 

factor of safety.M 49-50 

formulae for design of.M 50-62 

Helical springs.H 26-27 

Hexagons .F 3, P 4-5 

High-current conductor ...E 8 

High-nickel alloys, comparison with other alloys.I 5-16 

High-temperature properties .J 3-18 

creep .J 12 

effect of speed of testing on.I 3-4, J 10 

endurance limit.J 14 

hardness . J 15-17 

hot-bend . J 11 

impact .J 13 

service of alloys and metals in different atmospheres.J 18 

tensile .J 3-10 

High-tensile Monel forgings .H 3-6 

History of nickel.A 5-6 

Hollow-bored tubing .M 10 

Hook, chain .M 10 

Horseshoe magnet.C 25 

Hot-bend properties.J 11 

Hot bending.M 117-118 

Hot ductility (malleability).J 3-11 

Hot hardness .J 15-17 

Hot working .J 11, M 10-12 

Hydrochloric acid.D 74-75, D 82, D 89 

Hydrogen-ion concentration .D 3-5 

Hydrogen overvoltage ..D 4 

Hydrogen sulfide .D 89 

Hysteresis, magnetic.E 5 
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INDEX 


I 


Identification of white metals and alloys, qualitative.C 25—27 

Ignition tube, gas-engine .G 4 

Illium alloys .I 7 

Impact strength . H 11-16, J 13, K 3-4, P 41 

Charpy . H 11-12, J 13, K 3-4, O 4 , P 37 

high-temperature .J 13 

Izod .H 11-12, K 3-4, O 4 , P 41 

low-temperature .K 3-4 

round-Izod .H 4 

tension . H 13-15, P 46 

testing machine for.H 11 

torsion. H 13-15, P 46 

transverse .H 4-5 

Impellers, pump ..D 38 

Incidental factors affecting corrosion resistance.D 22-30 

Inclusion, non-metallic.D 28, L 8 

Inconel, Cast .A 9 , See also Properties 

analysis, methods for chemical.C 15-25 

available forms .O 3 

chemical composition .I 6 , O 3 

comparison with other alloys and metals.I 5-16 

compressive properties.O 4-5 

corrosion-resisting characteristics.O 7 , See also Corrosion 

and Corrosive Media 


etching for metallographic examination. 

hardness, high-temperature . 

hardness, room-temperature . 

impact properties. 

machining . 

macrostructure .. 

modulus of elasticity. 

physical constants. 

qualitative identification of. 

• tensile properties . 

Inconel, wrought. 

analysis, methods for chemical. 

annealing. 


.L 6—7 

.J 17 

. I 6 , O 4-5 

.O 4 

See Machining and Tools 

.L 4 

.I 6, O 5 

.I 6, O 6 

.C 25-27 

...O 4-5 

....A 8, See also Properties 

.C 15-25 

.M 13-40 


•29* 

















































INDEX 


Inconel, wrought ( continued) 

bearings for use with.M 154—156 

bending.M 10, M 116-118 

brazing.M 81-87 

buffing .M 130-132 

carbide in .L 7-8 

cavitation-erosion properties.H 30 

chemical composition.B 3 

cold working. M 32, M 110 

comparison with other alloys and metals.I 5-16 

compressive properties .H 6-7 

corrosion-resisting characteristics. D 70-94, See also Corrosion 


and Corrosive Media 

creep strength .J 12 

deep drawing.....M 122-124 

density and weight of .E 4, I 6, P 35 

designing heavy equipment .M 48-62 

ductility, Olsen and Erichsen..H 16-17 

endurance limit, high-temperature .J 14 

endurance limit, room-temperature.H 8-9 

endurance ratio, room-temperature .H 9 

etching for metallographic examination. L 6-7 

grain size .L 13-15 

grinding .M 130-132 

hard surfacing.M 97-98 

hardness, conversion charts .F 21 

high-temperature.L 15-17 

low-temperature .K 3 

room-temperature.F 11-12, F 16, F 20 

heat transfer thru.N 3-26 

heating for hot working.M 3-9 

hot working .M 6, M 10-12 

impact strength, high-temperature .J 13 

impact strength, low-temperature .K 3-4 

impact strength, room-temperature.H 11-16 

limiting service in different atmospheres.J 1*8 

machining.See Machining 

magnetic properties. E 4, H 20 

microstructure .L 10 
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Inconel, wrought ( continued) 


modulus of elasticity. 

perforating. 

physical constants . 

pickling . 

pipe and tube bending. 

Poisson’s ratio . 

polishing . 

position in galvanic series. 

potential, in corrosion. 

precision grinding. 

qualitative identification of. 

resistance to halogen gases. 

resistance to oxidation . 

resistance to sulfur-containing atmospheres. 

shear properties . 

shearing . 

soldering . 

specifications . 

spinning. 


F 17, H 6, H 22, I 6 

.M 119-121 

.E 4, H 20, I 6, P 35 

.M 157-164 

.M 116-118 

.F 17 

.M 130-132 

.D 32 

.D 5, D 34 

.M 150-153 

.C 25-27 

.D 76-77 

.G 3, J 3-4 

.J 18 

.H 7-8 

.M 119-121 

.M 84-87 

.B 4 

.M 125-129 


spring wire 


...F 17, H 22 


springs . 

stress-equalizing annealing 
tempers of sheet and strip, 
tensile properties 

high-temperature . 

low-temperature . 

room-temperature . 

thermal properties . 

torsional properties . 

welding . 

work hardening. 

working instructions . 


.H 19-28 

.M 37-40 

.F 20, H 22 

.J 3-4, J 7 

.K 3-4 

.F 11-12, F 16 

E 4, I 6, N 7, N 26 

.F 16-17 

.M 63-100 

.M 32 

.M 3-167 


Inconel-clad steel. 

annealing . 

available forms. 

chemical composition 
cold working . 


A 8, G 4, See also Properties 

.M 19-20, M 110-111 

.G 4 

.B 3 

.M 110 
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Inconel-clad steel ( continued) 

etching for metallographic examination. 

fabricating. 

forming . 

gas cutting. 

hot working. 

qualitative identification of . 

standards of cladding . 

welding . 

Induction furnace. 

Inductive force, magnetic. 

Inertia, moment of. 

Ingot iron . 

Inhibitor, effect of upon corrosion. 

Inspection of welds. 


.L 8 

.M 101-118 

.M 110-112 

.M 112-113 

.M 111-112 

.C 25-27 

.G 4 

.M 101-115 

.0 10 

.P 42 

.,H 24 

.I 12, N 7 

.D 14-16 

L 8, M 100-102 


Instrument 

aircraft .^ 3 

-p Q 

strain-measuring.^ 

P 47 

Intensity, magnetic... r 

Intercept method for determination of grain size.L 14 

Intergranular corrosion . D 23 > ® 55-57 

Internal fracture ...J 3, J H> ^ 31 

Invar . P 35 

Ipy (inches average penetration per year).D 65-69, P 41 

Iridium-platinum alloy .* 12 

Iron .^ 32 > E 5, I 12 

alloy cast.^ 32, H 7, I 13 

alloys of.* ^-16 

cast .C 25-26, D 37, D 67, H 7, H 30-31, I 13 

determination of, in Inconel.C 17-18 

determination of, in Monel.C 8 

determination of, in nickel.C 3 “ 3 

ingot .I 12, N 7 

Ni-Hard* . 1 13 

Ni-Resist* .C 25—26, I 13 

Ni-Tensyliron* .1 13 

perchloride .M 165-166 

-silicon alloy .^ 67, I 16 
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Iron ( continued ) 

stainless . 

wrought . 

Izod impact strength 


.D 32, I 15 

.I 12 

H 11-12, K 3-4, P 41 


I 

“J” groove . 

Jig, welding ... 

Johnson’s apparent elastic limit. 

Joining dissimilar metals. 

Joint 

butt . 

design for welding. 

efficiency factor . 

lock-seamed . 

spot-welded . 

vee . 

welded . 

Journal . 

K 


.M 67 

.M 70, M 77 

.F 3, P 42 

.M 94-95 

.M 68 

M 67-70, M 75-76 

.M 49-50 

.M 83 

.M 78-80 

.M 66 

.M 68-69 

.See Bearings 


“K” Monel . 

age-hardened. 

analysis, methods for chemical. 

annealing . 

stress equalizing. 

automatic screw machining . 

bearings . 

brazing. 

cavitation-erosion properties . 

chemical composition. 

comparison with other alloys and metals. 

compressive properties . 

corrosion-resisting characteristics . 

creep strength. 

decorative coloring and etching. 

density and weight. 


7, See also Properties 

.M 44-46 

.C 8-15 

.M 32-33 

. * .M 37 

.M 149 

.M 154-155 

.M 82 

.M 28-31 

.B 3 

.I 5-16 

.H 6-7 

.See Corrosion 

and Corrosive Media 

..J 12 

.M 165-167 

.E 4, I 5, P 35 









































“K” Monel ( continued ) 

directional properties . 

electrical properties. 

endurance limit, high-temperature . 

endurance limit, room-temperature. 

endurance ratio, room-temperature. 

etching for metallographic examination. 

forging . 

hard surfacing. 

hardness 

conversion charts . 

high-temperature . 

low-temperature . 

room-temperature . 

heating for hot working. 

high-tensile forging. 

impact properties, low-temperature. 

impact properties, room-temperature .. 

machining. 

macrostructure . 

magnetic properties . 

modulus of elasticity. 

physical constants . 

pickling . 

Poisson’s ratio . 

qualitative identification of . 

shear properties. 

specifications . 

spinning . 

spring wire. 

springs . 

tempers of strip. 

tensile properties 

high-temperature . 

low-temperature . 

room-temperature . 

transverse . 

thermal properties . 


.H 3 

.E 4, H 20, I 5 

..J 14 

.H 8-10 

.H 9-10 

.L 7 

.M 10 

.M 97-98 

.F 21 

.J 16-17 

.K 3 

.F 6-8, F 14 

.M 5-6 

.H 3-5 

.K 3 

.H 11-16 

.See Machining 

.L 5 

.E 4 

F 17. H 6, H 22, I 5 

.E 4. I 5 

.M 157-164 

.F 17 

.C 25-27 

.H 7-8 

.B 4 

.F 17, M 125-129 

.H 22 

.F 16-17, H 19-28 

.H 22 

.J 9-10 

.K 3 

.F 6-8. F 14 

.H 3 

.E 4, I 5 
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INDEX 


“K” Monel ( continued.) 
torsional properties 

welding . 

work hardening. 

“KR”* Monel . 


.F 16-17 
M 92-99 

.M 32 

.M 149 


L 

Laboratory corrosion tests . 

Latent heat of fusion . 

Lathe threading. 

Lattice constant . 

Lead 


...D 40-49 
E 4, P 42 

.M 147 

.E 4 


antimonial . 

chemical. D 32 

red.... 

tellurium . 

Lense, microscopic . 

Light-distillate oil . 

Lime, Venetian . 

Limitations, hardness, in machining. 

Lining, metal-roof furnace . 

Link, chain. 

Liquid film . 

Localized corrosion. 

Lock-seamed joint . 

Logarithmic mean temperature difference. 

Low-carbon nickel, wrought. 

analysis, methods for chemical. 

annealing . 

available forms. 

chemical composition. 

comparison with other alloys and metals. 

corrosion-resisting characteristics . 

deep drawing. 

etching for metallographic examination.... 

hardness conversion charts . 

hardness, room-temperature. 


...I 10 

, D 67, I 10, N 7, N 22 

.C 11 

.I 11 

.L 7 

.M 4 

.M 132 

.M 133 

.M 36 

.M 10 

. N 8 , N 14 

.D 23 

.M 83 

. N 5, P 46 

.A 8, See also Nickel 

.C 3—8, C 10—15 

.See Annealing 

.G 3 

.B 3 

.I 6-15 

.See Nickel 

.G 3, M 122-124 

.L 6-7 

.F 21 

.G 5 
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Low-carbon nickel, wrought ( continued) 

limiting service in different atmospheres..J 18 

physical constants ..X 6 

qualitative identification of .C 25-27 

s P innin g .G 3, M 125-129 

stress-equalizing annealing .See Nickel 

tempers of sheet and strip.G 3 

tensile properties, room-temperature.G 3-5 

uses .. 3 

work-hardening .G 3 

Low-temperature properties.K 3-4 

hardness .K 3 

impact . 3-4 

tensile .K 3_4 

Lubricants 

deep-drawing.M 35 

drop-forging .M 11-12 

machining . M 143 

spinning . M 126 

Lucite, for preparation of metallographic specimens.L 6 

M 

Machine 

cutting-off . l 3 

grinding ..M 151-152 

hardness testing.p 21 

mechanical testing.F 21, H 8 , H 11 

polishing ...M 130-132 

Machining.F 25, M 133-149 

automatic screw .M 144 

borin g.M 144 

castin gs .M 135, M 146 

discoloration from automatic screw.M 163 

distortion from .M 37 

drilling .F 25, M 144-146 

feeds and speed .M 136, M 144-148 

hardness limitations .M 133 

iathe. M 147 
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INDEX 


Machining ( continued) 

lathe-threading .M 140-141 

lubricants . M 143 

milling .M 148-149 

parting .M 138 

planing.M 148 

reaming . M 147 

stock for .M 133-135 

tapping .M 147-148 

thread cutting .M 147 

tools ...M 135-142 

turning.M 137 

Macroscopic examination.L 3-5 

Macrostructure .L 4-5, P 42 

Magnesium .D 32, F 29 

alloys of.D 32, F 29, I 7-8, I 11 

oxide, for polishing.L 6 

Magnet, horseshoe .C 25 

Magnetic properties .C 25-26, E 4-5, E 8, H 20, P 42-44 

flux. .E 5, P 42 

induction.P 42 

intensity .P 42 

permeability . E 4-5, H 20, P 43 

saturation . E 4-5, P 44 

structures .E 8 

transformation temperature . E 4-5, E 8, O 6, P 42 

Magnetostriction.E 8 

Malleability, hot .J 3-11 

Mandrel bending .M 117 

Manganese 

alloys of .I 6-7, I 9, I 11 

bronze .D 32, I 9 

determination of, in Inconel.C 16-17 

determination of, in Monel or nickel.C 11-14 

-nickel alloy .See “D” Nickel 

Mdd. (milligrams per square decimeter per day)..D 5, D 65-69, P 42 

Mean coefficient of expansion.E 3-4 

Mean temperature difference, arithmetic.N 4, P 46 

Mean temperature difference, logarithmic.N 5, P 46 
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INDEX 


Measures and Weights, table of.P 30-31 

Mechanical properties.F 3-31, G 3-5, H 3-24, I 5-16, J 3-17, 

O 4—5, See also under individual property 


Melting 


for castings. 

points of alloys and metals. 

scrap for. 

Metal-arc welding . 

Metal-ion cell . 

Metallic coating, testing of. 

Metallographic examination .... 

Metallurgical phase. 

Methods 


.O 10 

E 3-4, I 5-16, P 42 

.O 11-12 

.M 65-74 

.D 16-19 

.C 25, D 55 

.L 3—15 

.P 43 


for chemical analysis. 

for determination of grain size. 

for fabricating. 

for heating. 

for non-destructive testing . 

for X-ray diffraction analysis. 

Metric and decimal equivalents. 

Microscopic examination . 

Microscopic lenses . 

Microstructure . 

brazed joint. 

casting. 

sheet . 

welds . 

wrought products. 

Mill products . 

Milling . 

Milk. 

Mineral acids . 

Mirror-finish polishing . 

Modulus of elasticity . 

Molding sand .. 

Molten metals, corrosion by. 

Molybdenum, alloys of. 

Moment of inertia . 


.C 3-25 

.L 13-15 

See under type of fabrication 

...M 3-9 

.F 19 

.L 15-18 

....P 36 

.D 63, L 6-12 

.L 7 

.L 9—13, P 43 

.M 84 

.L 12 

.L 13 

.M 72-73 

.>L 9-13 

.B 3 

.M 148 

.D 92 

.D 75, D 89-91 

.M 130 

...F 17, H 22, I 5-16, P 43 

.O 10 

.D 77 

.C 25-27, I 6-7, I 14, I 16 
.H 24 













































INDEX 


Monel, cast . I 5, O 3-15, See also Properties 

analysis, methods for chemical.C 8-15 

available forms.O 3 

chemical composition . I 5, O 3 

comparison with other alloys and metals. I 5-16 

compressive properties .O 4-5 

corrosion-resisting characteristics.O 7, See also Corrosion 

and Corrosive Media 

etching for metallographic examination.L 6-7 

grain size.L 7 

hardness, high-temperature .J 16 

hardness, room-temperature .O 4-5 

impact properties .O 4 

limiting service in different atmospheres..O 7 

machining .See Machining 

melting .O 12-13 

microstructure .L 12 

modulus of elasticity. I 5, O 5 

physical constants. I 5, O 6 

production of .O 10-15 

qualitative identification of.C 25-27 

resistance to corrosion.O 7 

specifications . B 4, O 4 

tensile properties .O 4-5 

uses .;.O 7 

Monel, wrought .A 7, 1-5, See also Properties 

analysis, methods for chemical.C 8-15 

annealing.M 13-40 

atomic structure, X-ray.E 4, L 17-18 

bearings for use with.M 154-156 

bending .M 10, M 116-118 

brazing . M 81-87 

buffing ...M 130-132 

cavitation-erosion properties .H 30-31 

chemical composition.B 3 

cold working.M 32, M 110 

comparison with other alloys and metals.I 5-16 

compressive properties .H 6-7 

corrosion-fatigue properties .H 10-11 
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INDEX 


Monel, wrought ( continued ) 

corrosion-resisting characteristics.D 

creep strength. 

decorative coloring and etching. 

deep drawing. 

density and weight of. 

designing heavy equipment . 

ductility, Olsen and Erichsen. 

electrical properties. 

endurance limit, high-temperature . 

endurance limit, room-temperature. 

endurance ratio, room-temperature. 

etching for metallographic examination . 

grain size . 

grinding . 

hard surfacing. 

hardness 


70—94, See also Corrosion 
and Corrosive Media 

.J 12 

.:.M 165-167 

.M 122-124 

.E 4, I 5, P 35 

.M 48-62 

.H 16-17 

. E 4, I 5 

.J 14 

.H 8-10 

.H 9-10 

.L 6-7 

.L 13-15 

.M 130-132 

.M 97-98 


conversion charts .F 21 

high-temperature.L 15-16 

low-temperature .K 3 

room-temperature.F 4-5, F 13, F 20 

heat transfer thru .N 3-26 

heating for hot working.M 3-9 

high-tensile forging.H 3-6 

hot working . M 6, M 10-12 

impact properties 

low-temperature .K 3-4 

room-temperature.H 11-16 

limiting service in different atmospheres..J 18 

machining .See Machining 

magnetic properties. E 3-4, H 20 

macrostructure .L 5 

microstructure.L 8, L 11-13 

modulus of elasticity .F 17, H 6, H 22, I 5 

No. 35 sheet.H 18 

perforating .M 119-121 

physical constants. E 4, I 5, P 35, H 20 
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INDEX 


Monel-clad steel ( continued ) 

chemical composition.B 3 

cold working .M hq 

etching for metallographic examination.L 8 

fabricating . M 101-118 

gas cutting.M 112-113 

hot working.M 111-112 

qualitative identification of .C 25-27 

standards of cladding . q 4 

welding . M 101-115 

Monotron hardness.F 24 

Muntz Metal .X 9 

Muriatic acid.See Hydrochloric Acid 

N 

Natural gas .. 3 

Naval brass .F 26-29, 1 9 

Navy specifications.B 4 , O 4 

Network charts, A.S.T.M. standards for grain size.L 15 

Neutral atmosphere.M g _9 

Neutral salts. 72 

Nickel, “A”, wrought...A 7 , See also Properties 

analysis, methods for chemical. C 3-8, C 10-15 

annealing . M i 3 _ 4 o 

atomic structure, X-ray.E 4 

bearings for use with.M 154-156 

bending . M 10# M i 16 _H8 

bracing.M 81-87 

bronze . j g 

buffing .. M 130-132 

chemical composition . B 3 

-chromium alloys .I 6 _ 7) j 15 _ 16 

cold working. M 32/ M 110 

comparison with other alloys and metals.I S —16 

compressive properties . 6-7 

-copper alloys.C 25-26, I 10, L 7, N 7, N 23 

corrosion-fatigue properties .H 10-11 



















































INDEX 


Nickel, “A,” wrought ( continued) 


corrosion-resisting characteristics. 

.D 70-94, See also Corrosion 

and Corrosive Media 

creep strength. 


.J 12 

decorative coloring and etching. 


.M 165-167 

deep drawing. 


.M 122-124 

density and weight of. 


. E 4. I 6, P 35 

designing heavy equipment. 

determination of in 


.M 48-62 

Inconel . 


.C 23-25 

Monel . 


.C 8-10 

nickel . 


.C 3 

ductility, Olsen and Erichsen. 


.H 16-17 

electrical properties. 


.E 4 . I 6 

electrolytic . 


.L 7 

endurance limit .. 


.H 8-10 

endurance ratio . 


.H 9-10 

etching for metallographic examination. 

.L 6-7 

grain size . 


.L 13-15 

grinding . 


.M 130-132 

hard surfacing.. 

hardness 


.M 97-98 

conversion charts . 


.F 21 

high-temperature . 


.L 15-16 

low-temperature . 


.K 3 

room-temperature . 


.F 9-10, F 15, F 20 

heat transfer thru. 


.N 3-26 

heating for hot working. 


.M 3-9 

hot working . 

impact properties 


. M 6. M 10-12 

low-temperature . 


.K 3-4 

room-temperature.. 


.H 11-16 

limiting service in different atmospheres... 

.J 18 

low-carbon . 


.B 3, G 3-5, L 7 

machining . 


.See Machining 

magnetic properties . 


.E 3-4, E 8 

macrostructure . 


.L 4 

microstructure . 


.L 8-10 

modulus of elasticity.. 


...F 17. H 6, H 22, I 6 
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Nickel, “A,” wrought ( continued) 

perforating . 

physical properties.. 

pickling . 

pipe and tube bending. 

Poisson’s ratio . 

polishing . 

position in galvanic series. 

potential of, in corrosion . 

precision grinding. 

pure . 

qualitative identification of. 

resistance to halogen gases. 

resistance to oxidation. 

shear properties. 

shearing . 

silver .C 25-26, D 

soldering . 

spinning . 

spring wire .. 

springs . 

steels . 

stress-equalizing annealing. 

sulfide . 

tempers of sheet and strip. 

tensile properties 

high-temperature . 

low-temperature . 

room-temperature . 

thermal properties. 

torsional properties . 

welding . 

work hardening. 

working instructions. 

Nickel, cast.A 

analysis, methods for chemical. 

available forms. 

chemical composition . 

comparison with other alloys and metals... 


.M 119-121 

,.E 4, I 6, P 35, H 20 

.M 157-164 

.M 116-118 

.F 17 

.M 130-132 

.D 32 

.D 5, D 34 

.M 150-153 

.E 8, I 6 

.C 25-27 

.D 76-77 

.J 18 

.H 7-8 

.M 119-121 

67, I 9-10, N 7, P 35 

.M 84-87 

.M 125-129 

.F 17, H 22 

.H 19-28 

...D 13, I 14-16, F 25 

.M 37-40 

.L 7-8 

.F 20, H 22 


...J 6 

.K 3-4 

.F 9-10, F 15 

..E 4, I 6, N 7, N 21 

.F 16-17 

.M 63-100 

.M 32 

.M 3-167 

9, See also Properties 

.C 3-8, C 10-15 

.O 3 

.I 6 

.I 5-16 
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Nickel, cast ( continued) 

compressive properties .O 4-5 

corrosion-resisting characteristics .O 9-10, See also Corrosion 

etching for metallographic examination.L 6—7 

hardness.I 6 

impact properties .O 4 

machining .See Machining 

modulus of elasticity. I 6, 0 5 

physical constants .I 6, O 6 

production of.0 3-15 

qualitative identification of ..C 25-27 

specifications .B 4 

tensile properties .O 4—5 

uses .O 9-10 

Nickel-clad steel . A 8, G 4, See also Properties 


annealing . M 19-20, M 110-111 

available forms .G 4 

chemical composition .B 3 

cold working .M 110 

etching for metallographic examination.L 8 

fabricating .M 101-118 

gas cutting.M 112-113 

grain size .L 10 

hardness, room-temperature .G 5 

hot working.M 111—112 

microstructure .L 10 

qualitative identification of .C 25-27 

standards of cladding .G 4 

tensile properties, room-temperature. G 4 

welding .M 101-115 

Ni-Hard .I 13 

Ni-Resist .C 25-26, D 32, D 67, I 13 

Ni-Tensyliron .I 13 

Nital.L 8 

Nitric acid.D 8-10, D 89 

corrosion test, boiling.D 56-57 

Nitrogen, use of in corrosion testing.D 9, D 20 

Non-destructive testing, methods and equipment for.F 19 

Non-magnetic materials .E 8, H 20 



















































INDEX 


Non-metallic couplings . j) ^3 

Non-metallic inclusions . D 2 8 L 8 

Normalizing. p 

O 

Oil, effect of upon corrosion.M 4 d 13^14 

Oil, sulfurized . M 143 

Oil-well surveying equipment, magnetic.E 8 

Olsen ductility. H 16-17. P 43 

Open annealing . 14 _ 2 o 

Open-circuit potentials.;. 59 

“Orange-peel” . p 13 

Organic acids and compounds.D 75-76, D 78-87, D 91-93 

Organic solvents .’ M 35 

Orientation, X-ray . L 16-18, P 43 

Oscillatory apparatus for cavitation-erosion testing.H 31 

Overall rate of heat transfer. N 5-6, N 11-15 

Overhead welding . M 71 

Overlaying . M 97 _ 98 

Overload, service .. 7 0 5 

Overstressing . p 27 

Overvoltage, hydrogen. 4 

Oxidation, resistance to . q 3 j 3^4 

Oxide 

chromium . M 2 i 

magnesium, for polishing .L 6 

Oxidizing agents in corrosion ..p> 6 _.g 

Oxidizing atmosphere .j ig 

Oxidizing salts, effect of upon corrosion.D 72-73, D 93 

Oxweld Cromaloy flux.M 9 3 

Oxy-acetylene welding .M 74 - 77 , M 115 

Oxygen cells .. 19 __ 2 i 

Oxygen, dissolved.D 34^35 

P 

Paint, sulfur-bearing .M 5 

Palladium . j i 2 
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Paper, carborundum, for polishing.L 6 

Passivation .D 21 

Paste pickle .M 161—163 

Pattern, X-ray diffraction. L 17-18, P 47 

“Pebbled” surface.L 13 

Perchloride, iron .M 165-166 

Perforating .M 97-98 

Permeability, magnetic .E 4-5, H 20, P 43 

pH ..See Hydrogen-ion Concentration 

Phase, metallurgical .P 43 

Phosphor bronze.D 67, I 9, P 35 

Phosphor copper .M 84 

Phosphoric acid .D 89-90 

Photomicrograph. L 9-13, L 17-18, M 35, M 72-73 

Physical properties.E 4, H 20, I 5-16, P 39, P 42, P 45 

Pickling .M 157-164 

basket .M 163 

bright dips (flash).M 157-158 

cleaning for .M 157 

hooks .M 10 

paste .M 161—163 

removal of copper flash from.M 163-164 

removing discoloration from screw-machine products.M 163 

solutions .M 157-163 

tanks .D 18 


Pipe 

bending .M 116—118 

welding of .M 89—90 

Pitting, corrosion by .D 21, H 10 

Planer tool .M 139 

Plant corrosion tests .D 40, D 57-64 

Plastic deformation.F 19, H 6 

Plastics, use for metallographic specimens.L 6 

Plate .F 3, G 5, P 3 

annealing of .M 19-20 

Plating 

black nickel .M 167 

chromium .E 3 
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INDEX 


Platinum .. 32, I 12. L 7, P 35 

alloys of . j 

Poisson’s ratio . p 17 p ^ 

Polarization . p> 34-35 

Polishin g . I’m 130-132 

colorin g ...M 131-132 

equipment for metallographic specimens.L 3, L 6 

mirror finish .. 130 

satin finish . ^ 132 

sheet .. 130-132 

tallow for .. 130 

Polychromatic radiation, X-ray. L 16 

Position welding .M 71* M 115 

Pot annealing . ^ 2 0-23 

Potential 

anode to cathode. D 34 

concentration cells . D jg 

open-circuit . D 3 q 

Potentials of Monel, Inconel and nickel.D 5 D 34 

Power cable. ? E 8 

Practical aspects of galvanic corrosion. D 33^39 

Precipitation-hardening . .’’’I’.’ .’.See Age-hardening 

Precision grinding . M iso _ 15 3 

Preferred orientation, X-ray. 16 L 18 

Preheating for welding. M 71 

Preparation of specimens, metallographic.D 41—42 L 6 

Pressing 

cold .. 110-111 

hot .. 111-112 

Pressure vessels . G 4 , M 48-62 

Pretinnin g .. 86 

Printing, sulfur . L g 

Products 

"f* .A 9 

clad . 4-5 

corrosion, effect of. . 2Sj D 10 _ M 

„ wrou g ht . 7-8 

Progressive corrosion . D 12 
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Proof stress.M 37—38# P 44 

Propane .M 3—4# M 27 

Properties 

cavitation-erosion .H 28—31 

chemical .B 3—4 

compressive .H 6—7, O 4—5 

corrosion-fatigue .H 10-11 

corrosion-resisting . D 70—94# E 8. H 31 

directional .H 3-6 

ductility (Olsen) .H 16-17 

electrical .E 3-4, I 5-16 

endurance limit.H 8—10 

high-temperature .J 3-18 

impact .H 11-16, J 13, K 3-4, P 37, P 41 

low-temperature .K 3—4 

macrostructure ..L 4—5 

magnetic .E 4—5, E 8, H 20, P 42—44 

mechanical .F 3—31# G 3—4# H 3—24# I 5—16, 

J 3-17, K 3-4, O 4-5 

microstructure .L 9-13, L 17-18 

of welds .L 8# M 66, M 74, M 81, M 85 

physical .E 3-8# I 5-16 

resistance to denting.H 17-19 

room-temperature .F 3-31, G 3-4# H 3-24# I 5-16, O 3 

shear .H 7—8# P 44—45 

spring .H 19-28 


tensile ..F 3-31, G 3-4, H 3-6# I 5-16, J 3-17, K 3-4, O 4-5 


thermal .E 3-8# I 5-16 

torsional .F 3# F 16-17# G 5 

transverse impact .H 4-5 

transverse tensile .H 3-6 

Proportional limit.F 24# M 37-39, P 44 

Protection tube, pyrometry.M 26 

Protective coating, effect on corrosion.D 8 

Psi ...*.P 44 

Pumice .M 159 

Pump impellers.D 38 

Punching .F 25, M 120—121 
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INDEX 


Pure nickel . 

Purging of annealing furnaces. 

Purification of atmosphere for annealing. 

Pyrometry . 

protection tube . 

thermocouple . 


.I 6 

M 29-31. M 41 

.M 27-29 

•M 5, M 25-26 

.M 26 

.M 25—26 


Q 

Qualitative identification of white metals and alloys. 

Quantitative analysis, methods of.’ 

Quench annealing . 


C 25-27 
,..C 3-25 
.M 13 


R 

“R”* Monel . 

analysis, methods for chemical. 

annealing . 

automatic screw machining. 

chemical composition . 

comparison with other alloys and metals. 

compressive properties . 

corrosion-resisting characteristics. 

density and weight of. 

electrical properties . 

endurance limit, room-temperature. 

endurance ratio, room-temperature. 

etching for metallographic examination.. 

hardness . 

hardness conversion charts. 

impact properties, room-temperature. 

machining. 

modulus of elasticity. 

physical constants . 

pickling . 

Poisson’s ratio . 

qualitative identification of. 

specifications . 

* Reg. U. S. Pat. Off. 


• A—7, See also Properties 

.C 8-15 

.M 13-40 

.M 144 

.,.B 3 

....I 5-16 

...ai 6-7 

D 71, See also Corrosion 
and Corrosive Media 

.I 5 

. 1 5 

.H 9-10 

.H 9 

.L 7 

.F 13 

.F 21 

.H 11-16 


.See Machining 

.I 5 

.I 5 

.M 157-164 

.F 17 

.C 25-27 

.B 4 
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“R” Monel ( continued ) 

stress-equalizing annealing.M 37-40 

tensile properties, room-temperature.F 13 

thermal properties .I 5 

Radiation, X-ray, polychromatic.L 16 

Radiography .L 16 

Railroad tank car. q 4 

Random orientation, X-ray.L 16-17 

Rate of corrosion .D g-13, D 22 

Rate of heat transfer, overall.N 5-6, N 11-15 

Ratio 


endurance .H 9-10 

Poiss o n ’s .F 17. P 43 

Reaming .M 147 

Recrystallization of Monel.L 16 

Red brass .D 32. D 67, I 8 , N 7, N 18 

Red lead .C \\ 

Reducing atmosphere .j is 

Refractories, contamination from.M 4-5 

Regular mill products . . .A 7-8, B 3 

Relation of elongation to gauge length.F 3, F 18-19 

Remelt, foundry scrap.O 11-12 

Removal of copper flash from pickling.M 163-164 

Removal of discoloration from automatic screw machining.M 163 

Residual induction, magnetic.E 5 

Resist, for etching.M 155 

Resistance 


to abrasion . 

to corrosion . 

to denting . 

to erosion . 

to galling . 

to oxidation . 

to sulfur-containing atmosphere. 

welding . 

Resistivity, electrical .. 

temperature coefficient of. 


.F 24, O 7 

.See Corrosion 

.F 24, H 17-19 

.F 21 , G 4, O 7 

...O 7-8 

.G 3, J 3-4, O 7 

.G 4 

.M 77-81 

.E 4, H 20 , I 5-16, P 39 

.E 4, P 37-38 
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INDEX 


Rhodium-platinum alloy. 

Rings, stiffening. 

Rivet . 

Rockwell hardness. 

Rod . 

Roller tools, spinning. 

Room-temperature properties.... 

Rotating-beam endurance limit. 

Round Izod impact strength. 

Rounds . 

Rubber bearings . 

Runner, hydraulic turbine. 


.I 12 

.M 57-59 

.D 38, M 8, M 11 

.F 20-23/ P 44 

....F 3, F 18, P 4-5 

.M 126-127 

F 3-3L G 3-4, H 3-24, 
I 5-16, O 4-5 

.H 8-10, P 39-40 

.H 4 

.F 3, F 18, P 4-5 

.M 154 

.H 30 


S 

S Monel, cast.A 9, I 5, O 3—15, See also Properties 

age-hardening.. 8-9 

analysis, methods for chemical.C 8-15 

annealing .’ q 7 

available forms .O 3 

bearings .M 154-156 

cavitation-erosion properties .H 30-31 

chemical composition.X 5 O 3 

comparison with other alloys and metals.I 5-16 

compressive properties .O 4-5 

corrosion-resisting characteristics.O 7 - 8 , See also Corrosion 

and Corrosive Media 

density and weight of.X 5 

electrical properties .X 5 

etching for metallographic examination.L 6-7 

hardness 

conversion charts .p 21 

high-temperature .I 16 - 17 . O 8 

room-temperature . q s\ 5 

impact properties .. 4 

machining.See Machining 

magnetic properties ...X 5 O 6 

melting . . [ 2 _ 13 
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“S” Monel, cast ( continued) 

modulus of elasticity.I 5 , o 5 

physical constants...I 5 , o 6 

polishing .See Polishing 

production of.O 10-15 

qualitative identification of.C 25-27 

resistance to corrosion.O 7 

resistance to galling.;.o 7-8 

specifications .O 4 

tensile properties, room-temperature.0 4-5 

thermal properties .I 5 

uses .. 7 

Safe working stress.F 24, H 20, J 12, L 3 

Salt water.D 27, D 35-37, D 72, D 78-94 

Salt-bath annealing .M 23-24 

Salt-spray test .D 57 

Salts, effect of oxidizing, upon corrosion.D 73 

Sand castings .O 3 

Sand molds .O 10 

Satin finish, polishing.M 132 

Saturation, magnetic .E 4-5, P 44 

Scale, effect of in heat transfer. N 5-8, N 14 

Scleroscope hardness.F 20, F 24, L 16, P 44 

Scrap, use in melting.O 11-12 

Scratch hardness .F 24 

Screw machining, automatic.M 144 

removal of discoloration from.M 163 

Sea water .D 34-38, D 42 

Seam welding .M 78-80 

Seamless tubing .p 10—15 

Season cracking .D 23 

Semi-annealing .M 25 

Series 

electromotive .D 3 

galvanic .:.D 31-33 

Service 

corrosion tests in.D 40 

high-temperature, of alloys and metals.J 18 
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INDEX 


Sewage, corrosive effect of. 

Shaper tools . 

Shear properties . 

Shearing . 

Sheet . 

annealing of . 

cold-rolled . 

fatigue properties of. 

graining of . 

Number 35 Monel. 

polishing . 

standard Monel . 

tempers of . 

welding of. 

Shells . 

Shot, nickel . 

Short-time, high-temperature properties.... 

Shrinkage, pattern maker's. 

Siezing . 

Signalling device, submarine. 

Sil-Fos . 

Silica gel . 

Silicon . 

alloys of . 

-bronze . 

carbide . 

determination of, in Inconel. 

determination of, in Monel or nickel... 

steel . 

Slag, furnace . 

Silver .D 

alloys of . 

brazing . 

brazing alloys . 

nickel- .D 67, C 

soldering . 

solders . 

Size of standard gauges. 


.D 13 

.M 139, M 142 

.H 7-8, P 44 

.M 119-121 

F 3, F 19-20, G 3, P 3 

.M 13-14 

.F 20 

.H 10 

.M 166 

.H 17-18 

.M 130-132 

.H 17-18 

.F 20 

.M 90-91 

.M 51-59 

.O 11 

.J 3-10 

.E 4, P 45 

.M 155-156, O 8 

.E 8 

.M 84 

.M 27 

.E 8 

..I 5, I 7-8, I 13, I 16 

.. .D 67, I 9, N 7, P 35 

.M 151 

.C 21 

.C 15 

.F 29 


.M 4 

32, D 67, I 11, N 7, P 35 

.I 11-12 

.M 81-84 

.I 11-12 

25-26, I 9-10, N 7, P 35 

.M 81-84 

.I 11-12, M 81-84 

.P 34-35 
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INDEX 


Slot type furnace. 

Sludge, from pickling. 

Sodium chloride . 

Sodium hydroxide . 

Soft annealing . 

Soft soldering . 

Soil corrosion test... 

Solder 

silver . 

soft . 

Soldering 

silver . 

soft . 

Solenoid valve . 

Solid solution . 

Solution 

etching, decorative . 

etching, metallographic . 

pickling . 

volume of, for corrosion testing. 

Solvent, organic . 

Soot . 

Sonims (non-me tallic inclusion). 

Spark-plug electrode . 

Sparking, electrical . 

Special mechanical properties. 

Special mill products. 

Special property corrosion tests. 

Specific gravity. 

Specific heat . 

Specific resistance . 

Specifications 

Army Air Corps . 

Federal . 

Navy . 

Specimen 

galvanic tests . 

holder, spool-type . 


.M 9 

.M 4-5 

.D 42, D 57, D 94 

.D 88 

.M 14-24 

.M 84-87 

.D 65 

.I 11-12 

.D 32, I 11, M 84-87 

.M 81-84 

.M 84-87 

.E 8 

.E 8 

.M 165-166 

.L 7 

.M 157-164 

.D 43-44 

.M 35 

.M 27 

.L 8 

.G 4 

.G 4 

.H 3-31 

.A 8, B 3 

.D 53-65 

.E 4, I 5-16, P 45 

.E 4, I 5-16, P 45 

E 4, H 20, I 5-16, P 39 

.B 4 

.B 4 

.B 4, O 4 

.D 36-37 

.D 59-60 
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Specimen ( continued ) 

metallographic .L 6 

moving equipment .D 64 

pipe lines .D 62-63 

U-bend .D 53-55 


Speed 

of machining .M 136, M 144-148 

of testing, effect on high-temperature properties.J 3-4 

Spinning .F 25, M 125—129 

chucks .M 128-129 

lubricants .M 126 

material for.M 125 

procedure .M 126 

speed .M 129 

tools .M 126—128 

Spool-type specimen holder.D 59-60 

Spot welding .M 78-80 

Spring design, formulae for.H 24-28 

Spring properties .H 19-24 

Spring wire, properties of.F 17, H 22-23 

Springs .H 19—28, M 38 

selection of material for.H 21-24 

Squares ...F 3, P 4-5 

Stainless steel .C 25-27, D 32, D 67, I 14-16, 

N 7, N 9-10, N 14, N 25-26, P 35 

Stamping .F 25 

Standard gauges, sizes of.P 34-35 

Standards of cladding on steel.G 4 


Steel 

alloy .F 25, H 7-8, I 14-16, M 11-12 

carbon (mild) .C 25-26, D 13-15, F 25-28, H 7-8, H 11, 

I 13, J 16, M 11, N 7, N 13, N 20, P 35 


cast .H 30-31, I 13-14 

cladding on. G 4, L 10 

deep-drawing .H 17 

high-speed .M 135 

Monel-, Inconel- and nickel-clad.B 3, G 4-5 

silicon .F 29 
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INDEX 


Steel ( continued) 

stainless ... 

. Stellite . 

Stiffening rings . 

Stock for machining. 

Strain hardening . 

Strain-measuring instrument . 

Strength . 

Stress 

-corrosion cracking . 

-corrosion tests . 

cyclic . 

-equalizing annealing . 

operating, corrosive effect of. 

proof . 

-relief annealing. 

residual, corrosive effect of... 

safe-working . 

-strain diagram . 

thermal . 

Strip . 

annealing of . 

fatigue properties of. 

tempers of, cold-rolled. 

welding of . 

Structure 

dendritic . 

macroscopic . 

magnetic . 

microscopic . 

X-ray . 

Submarine signalling device. 

Sub-zero temperature properties 

Sulfide, nickel . 

Sulfur . 

atmosphere, oxidizing . 

atmosphere, reducing. 


.C 25-27, D 32, D 67, I 14-16, 

N 7, N 9-10, N 14, N 25-26, P 35 

.M 97, M 135 

.M 57-59 

.M 133-135 

.H 29 

.E 8 

.F 24-31, L 3, P 45 

.D 23, D 53-55 

.D 53-57 

.H 8-10 

.D 24-27, H 5, P 45, M 37-40 

.D 23 

.P 44 

.P 45 

.D 23-25 

.F 24, J 12, L 3 

..F 3, H 6 

.E 3 

.F 3, F 19-20, G 3, L 16, P 3 

.L 16 

.H 10 

.F 20 

.M 90-91 

.L 12 

. L 4-5 

.E 8 

.L 9-13, P 43 

.L 16-18 

.E 8 

.K 3-4, M 40 

.L 7-8 

.M 4-5 

.J 18 

.J 18 
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INDEX 


Sulfur ( continued) 

-bearing paint .M 5 

determination of, in Inconel.C 18-21 

determination of, in Monel or nickel.C 14-15 

embrittlement .L 7-8 

Sulfuric acid .D 5-29, D 73-74, D 90 

Super-finishing .M 153 

Supersonic vibrator .E 8 

Surface 

crack.L 3, M 10 

film, conductance of . N 8, N 14 

grinding .M 151-152 

“orange peel” (“pebbled”) in deeping drawing.L 13 

polished, corrosion of.D 22-23 

preparation for welding.M 70, M 76 

Surfacing, hard . M 97-98 

Surveying equipment, oil-well, magnetic.E 8 


T 

Tallow, lubricant . 

Tank 

pickling . 

storage . 

Tank cars, railroad. 

Tantalum-carbide tool . 

Tap water. 

Tapping . 

Tellurium lead . 

Temper annealing . 

Temperature 

annealing . 

coefficient, electrical resistivity. 

control of.. 

Curie . 

difference, in heat transfer. 

effect of, in corrosion. 

forging . 

heating for hot working. 


.M 126 

.D 18 

.G 4 

.G 4 

.M 135 

.D 5, D 33, D 94 

.M 147-148 

...I 11 

.P 45 

.M 14-23 

.E 4, P 37 

M 10, M 25-26, M 43-44 

. E 4-5, E 8, O 6 , P 42 

.N 4-5, P 45 

.D 8-10 

.M 10-11 

.M 5-8 
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INDEX 


Temperature ( continued) 

hot-rolling . 

magnetic transformation 

Temperature difference . 

arithmetic mean . 

logarithmic mean . 

Tempers 

sheet and strip. 

spring wires . 

Tensile properties 


.M 6-8 

E 4-5, E 8, O 6, P 42 

.P 45 

.N 4, P 46 

.N 5, P 46 

.F 20 

.H 22-23 


room temperature. F 3-31, G 3-4, H 3-24, I 5-16, O 4 

high-temperature .j 3 _iq 

low-temperature .K 3-4 

transverse .. 3-6 

Tension impact strength. H 13-15, P 46 

Tension springs ... h 26-27 

Testing equipment 


corrosion .D 17-20, D 36-37, D 44-46, D 50-53, D 59-60 


endurance-limit .H g 

hardness .p 19—21 

impact . . u 

microscopic .L 3, L 6 

non-destructive .p 19 

x ’ ra y ....L 15-16 

Theory of corrosion, electrochemical.£> 31 


Thermal 


conductivity . 

expansion .E 

properties .E 3-7, I 

treatment, age-hardening . 

treatment, annealing ... 

treatment of welded vessels. 

Thermocouples . 


.E 4, I 5-16, N 7, P 46 

4, E 6-7, G 4, I 5-16, P 46 
5-16, P 38, P 41-42, P 46 
.M 41-47, O 8-9, P 37 

.M 13-40 

.M 99-100 

.M 25-26 


Threads 


American National, fine and coarse. F 29-31 

bolts .F 29-31 

Dardelet . . 29—31 

Thyratron tube for welding.M 79 










































INDEX 


Tie-rod . 

Timer, vacuum tube, for welding. 

Tin . 

alloys of . 

Tobin bronze . 

Tools, machining. 

Torch annealing . 

Torch preheating . 

Torsion springs. 

Torsional impact strength . 

Torsional properties . 

Toughness .. 

Transfer, heat, through metallic walls. 
Transformation temperature, magnetic 
Transverse properties 

impact . 

tensile . 

Tray, furnace . 

Trichlorethylene . 

Trimming . 

Trisodium phosphate. 

Tuballoy . 

Tubes 

bending . 

caustic evaporator . 

combustion, for chemical analysis..., 

hollow-bored . 

ignition, gas-engine . 

protectiop, pyrometry . 

seamless . 

vacuum, for welding. 

Venturi . 

welding of . 

Tungsten carbide tool. 

Turbine 

blading . 

hydroelectric . 

runners, hydraulic . 


.D 18 

.M 79 

D 32, D 67, I 10, N 7, N 20 

.I 9-11 

.F 26-29, I 9 

.M 137-142 

.M 25 

.< .M 71 

.H 27 

.H 13-15, P 46 

.F 3, F 16-17, G 5, P 46 

.F 24-31, H 13, K 4 

. .G 4, N 3-26, P 41 

.E 4-5, E 8, O 6, P 42 

.H 4-5 

.H 3-6 

.M 36 

.M 35 

.M 12 

..M 35 

.M 117 

.M 116-118 

.D 24-26 

.C 11 

.M 10 

.G 4 

.M 26 

.F 3, P 10-15 

...M 79 

. H 30 

..M 89-90 

.M 135 

.M 10-12 

...H 28-31 

.H 28-31 
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Turkish emery .M 130 

U 

U-bend specimen for corrosion test.D 53-55 

“U” groove .M 67-68 

“U” notch .H 12 

Ultimate tensile strength .p 47 

Unfired pressure vessels.M 48-57 

Unionmelt welding . M 87-88 

Units for reporting corrosion rates.D 65-69 

V 

Vacuum tube timer, for welding.M 79 

Valve 

seats .O 7 

solenoid .E 8 

Vanstoning .M 48 

Vapor film, condensing.N 7 

Varnish .M 165 

Velocity of corrosive medium .D 9-13, D 43 

Velveteen, for polishing..L 6 

Venetian lime .M 132 

Venturi tube . H 30 

Vertical welding. M 87-88 

Vessels, thermal treatment of welded.M 99-100 

Vibrator, supersonic .E 8 

Vibratory (oscillatory) apparatus for cavitation- 

erosion testing . H 31 

Vickers hardness. F 21-23, P 47 

Volume and weight of Monel ..P 3-17 

W 

Walls, metallic, heat transfer through.G 4 , N 3-26, P 41 

Warpage, in machining.M 37 

Water 

boiler .D 53 

brackish estuarine .D 38, H 11 
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Water ( continued ) 

distilled . 

fresh . 

salt . 

sea . 

tap . 

Wax . 

Weaving of electrode during welding. 
Weight 

metals and alloys . 

Monel . 

Weights and measures, tables of. 

Welded joint . 

Welding . 

buckling . 

clamps .. 

current . 

electrodes . 

equipment . 

flame cutting . 

fluxes . 

heat effect of . 

jigs . 

joint design . 

linings . 

methods 

atomic-hydrogen . 

back-step . 

bronze . 

carbon-arc . 

down-hand . 

electric-arc . 

flame cutting . 

flash . 

flat . 

furnace brazing . 

hard-surfacing . 


..D 33 

.D 72 

D 27, D 35-37, D 72, D 78-94 

.D 34-38, D 42 

.D 5, D 33, D 94, H 11 

.M 165 

.M 72 

.E 4, I 5-16, P 35 

.P 3-17 

.P 30-31 

.L 8 

.M 63-100 

.M 91 

.M 70, M 77 

.M 67 

.M 64-66, M 79-80 

.M 65-67 

.M 89, M 112-113 

.M 64, M 75 

.M 72-73, M 77, M 82-84 

.M 70, M 77 

.M 67-70, M 75 

.M 89 

.M 87 

.M 90-91 

...M 87 

.M 87 

.M 65 

.M 65-74, M 113-115 

.M 112-113 

.M 80-81 

.M 65 

.M 88-89 

.M 97-98 
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INDEX 


Welding ( continued) 
methods ( continued) 

joining dissimilar metals. 

metallic-arc . 

multiple pass . 

overhead . 

overlaying . 

oxy-acetylene . 

position . 

resistance . 

seam . 

silver-brazing . 

soft soldering . 

spot . 

Unionmelt . 

vertical . 

of castings . 

of clad products. 

of pipe and tubing. 

of sheet and strip . 

polarity . 

preheating for . 

procedure . 

properties of welds. 

surface preparation for. 

Thyraton tube for. 

vacuum tube timer for. 

weaving of electrode during.. 

wire . 

Welds 

cleaning of . 

corrosion of . 

etching of . 

grinding of . 

inspection of . 

properties of... 

thermal treatment of. 

Wet gas, corrosive effect of. 


.M 91—95 

.M 65-74 

.M 68/ M 74 

.M 71 

.M 93-98 

.M 74-77, M 115 

.M 71, M 115 

.M 77-81 

.M 78-80 

.M 81-82 

.M 84-87 

.M 78-80 

.M 87-88 

.M 87-88 

.M 71, M 98 

.M 101-115 

.M 89-90 

.M 90-91 

.M 67 

.M 71 

.See Welding Methods 

.M 65-66 

.M 70, M 76 

.M 79 

.M 79 

.M 72 

..M 74 

.M 74 

.D 28-30 

.L 6-8, M 100 

.M 100 

.L 8, M 100 

L 8, M 66, M 74, M 81, M 85 

.M 99-100 

.D 76-77, J 18 














































INDEX 


Wheels 

cutting-off .M 151-152 

grinding ..M 151-152 

polishing .M 131 

White metals, identification of.C 25—27 

Whiting ...M 132 

Wier apparatus, cavitation-erosion.H 30 

Wire . F 3. P 16-17 

spring, properties of .F 17, H 19-24 

welding . M 64-66, M 79-80 

Wood’s metal...M 117 

Work hardening . F 20, M 31-32 

Working instructions .M 3-167 

Wrought iron.I 12 


X-ray 

diffraction . 

inspection of welds. 

pattern . 

polychromatic radiation 

radiography . 

structure . 


X 


L 15-18, P 39 

.M 100-102 

L 17-18, P 47 

.L 16 

.L 16 

.L 16-18 


Yellow brass . 
Yield point ... 
Yield strength 


Y 

.D 67, I 9, N 7, P 35 

.P 47 

.P 47 


Z 


“Z” Nickel . 

age-hardening . 

analysis, methods for chemical. 

annealing . 

bearings . 

brazing . 

buffing . 


A 7, See also Properties 

.M 46-47 

.C 3-8, C 10-15 

.M 32-33 

.M 154-155 

...M 81-87 

.M 130-132 
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“Z” Nickel ( continued ) 

cavitation-erosion properties .H 30 

chemical composition .B 3 

cold working .M 32 

comparison with other alloys and metals.I 5-16 

compressive properties . .H 6-7 

corrosion-resisting characteristics.D 27, D 71, See also 

Corrosion and Corrosive Media 

decorative coloring and etching.M 165-167 

density and weight of . 15 , p 35 

electrical properties .I 5 

endurance limit, room-temperature.H 8-9 

endurance ratio, room-temperature.H 9 

etching for metallographic examination.L 7 

hard surfacing ... m 97-98 

hardness 

conversion charts .F 21 

high-temperature .J 16 

room-temperature .F 15 

heating for hot working.M 3-9 

hot working . M 6, M 10-12 

impact properties ...H 11-16 

machining....See Machining 

magnetic properties .H 20 

modulus of elasticity .F 17, H 6 , H 22, I 6 

physical constants.H 20, I 6 

pickling .M 157-164 

Poisson’s ratio .F 17 

polishing .M 130-132 

qualitative identification of..C 25-27 

shear properties .H 7-8 

soldering .M 84-87 

spinning .M 125-129 

spring wire .F 17, H 22 

springs . .H 19-28 

stress-equalizing annealing .M 37 

tempers of strip.H 22 
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“Z” Nickel ( continued ) 
tensile properties 
high-temperature 
room-temperature 
thermal properties .... 
torsional properties ... 

welding . 

work hardening . 

Zilloy . 

Zinc . 

alloys of. 


.J 8 

.F 15 

.I 6 

.F 17 

.M 92-99 

.M 32 

.I 11 

D 32, D 67, I 11, N 7 
.I 11 



•66- 





























US. A. 


9-41 5M 


- 


r- 





500 - 7-41 


MADE 

m 

M £ 











Digitized by: 



INTERNATIONAL 

ASSOCIATION 

FOR 

PRESERVATION 

TECHNOLOGY, 

INTERNATIONAL 

www.apti.org 


BUILDING 

TECHNOLOGY 

HERITAGE 

LIBRARY 


https://archive.org/details/buildingtechnologyheritagelibrary 

From the collection of: 

Mike Jackson, FAIA 






